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ABSTRACT 
Specimens of the pseudo-binary s e r i e s , DyCCO.Ni^, were 
made i n order to i n v e s t i g a t e the v a r i a t i o n i n the shape of 
the h y s t e r e s i s loop a c r o s s the s e r i e s . 
A p u l s e d - f i e l d magnetometer was used to obtain o s c i l l o -
grams of the loops and a l s o to derive the ordering tempera-
ture and molecular moment for each specimen. Using t h i s 
data, the v a r i a t i o n of c r i t i c a l f i e l d with composition was 
explained and demonstrated by assuming the domain w a l l s i n 
those m a t e r i a l s to be very narrow (of the order of ten atomic 
spacings) and to be i n t r i n s i c a l l y pinned. 
The a p p l i c a b i l i t y of the models of thermal a c t i v a t i o n 
and, a t lower temperatures, t u n n e l l i n g of the domain w a l l 
through the b a r r i e r , due to Taylor and a l s o those proposed 
by Egami were t e s t e d by studying the v a r i a t i o n of the i n i t i a l 
part of the magnetisation curve ( i . e . , belov; the c r i t i c a l 
f i e l d at which the magnetisation i n c r e a s e s a b r u p t l y ) with 
f i e l d sweep r a t e , composition, and temperature. 
dM 
Measurements of the magnetisation r a t e , — , were a l s o 
taken to understand the v a r i a t i o n of domain w a l l m o b i l i t y 
with applied f i e l d and temperature and hence examine the 
a p p l i c a b i l i t y of T a y l o r ' s and Egami's models f u r t h e r . 
i i 
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CHAPTER ONE 
INTRODUCTION 
1.1 A BRIEF HISTORY OF RARE EARTH INTERMETALLIC COMPOUNDS 
For more than one and a h a l f c e n t u r i e s the e x i s t e n c e of 
r a r e earths has been known. During the major part of t h i s time, 
however, only s u p e r f i c i a l work was undertaken, due mainly to 
the u n s t a t i s f a c t o r y p u r i t y of the elements obtained from the wet 
chemical process then used. 
However, with the advent of new techniques, notably the 
ion-exchange method, more s e r i o u s i n v e s t i g a t i o n s i n t o t h e i r 
p h y s i c a l p r o p e r t i e s have been undertaken on the purer specimens. 
A f t e r some of the r a r e e a r t h - c o b a l t i n t e r m e t a l l i c com-
pounds were found to be extremely good m a t e r i a l s f o r permanent 
magnets, applied r e s e a r c h into r a r e earth i n t e r m e t a l l i c com-
pounds a l s o blossomed. 
Numerous workers have been involved i n an e f f o r t to e s t a b -
l i s h general r u l e s governing the e x i s t e n c e and s t a b i l i t y of 
i n t e r m e t a l l i c compounds. Nevitt ( 1 ) has suggested th a t two of 
the main aims of r e s e a r c h i n t o the metallurgy of i n t e r m e t a l l i c 
compounds should be t o : -
a ) attempt to understand the f a c t o r s i n f l u e n c i n g 
the s t a b i l i t y of v a r i o u s phases, 
and, 
b) a s s o c i a t e the s t r u c t u r a l p r o p e r t i e s with the 
bond d i s t r i b u t i o n between atoms. 
Many of the above r u l e s have now been d i s c u s s e d a t length 
by Westbrook ( 2 ) . As the major part of t h i s present study i s 
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concerned with i n t e r m e t a l l i c compounds, which form i n what are 
known as Laves phases, an o u t l i n e of these phases i s given 
below. 
1.2 LAVES PHASES 
The r u l e s governing the formation of the Laves phases were 
studied by L a v e s ( 3 ) , who found the r o l e of atomic r a d i u s r a t i o 
to be of prime importance i n s t r u c t u r e determination. 
Laves examined the ease with which atoms of d i f f e r e n t 
atomic r a d i i may be stacked i n t o d i f f e r e n t dense s t r u c t u r e s . 
The AB^ phases (A i s a r a r e e a r t h element and B a t r a n s i t i o n 
metal) are c l a s s i c examples of these s t r u c t u r e s and are r e p r e s -
ented by three types, namely C1*f, C15 and C 3 6 . These phases 
occur f o r r a d i u s r a t i o s between 1.1 and 1 . 3 ( 1 ) . 
The e x i s t e n c e of compounds of t h i s type i s governed 
p r i m a r i l y by space f i l l i n g requirements, and i t appears that 
the s i z e r a t i o s play l i t t l e or no part i n deciding which of 
the three Laves phases w i l l be the most s t a b l e ( 3 ) * 
I t i s now gen e r a l l y concluded th a t the dominant f a c t o r i n 
determining the s t a b l e c r y s t a l s t r u c t u r e i s the e l e c t r o n i c 
s t r u c t u r e ( ^ f ) . The parameter of importance i s the valence e l e c -
t r o n c o n c e n t r a t i o n . 
I t must be remembered, however, t h a t the d i f f e r e n c e i n 
energy between s t r u c t u r e s i s s m a l l . Consequently, the forma-
t i o n of one phase as opposed to another may be due to second 
order e f f e c t s , e.g., the degree of f i l l i n g of incomplete s h e l l s , 
such as the 3d s t a t e s i n the t r a n s i t i o n metal compounds, or with 
the presence of strong magnetic or e l e c t r o s t a t i c i n t e r a c t i o n s between 
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the i o n s . 
1.3 MAGNETIC INTERACTIONS 
The v a s t majority of the r a r e e a r t h i n t e r m e t a l l i c com-
pounds which have been examined e x h i b i t magnetic ordering over 
some temperature ranges. I n the compounds with non-magnetic 
elements, such as aluminium and z i n c , the Curie temperatures 
are u s u a l l y low (< 100°K), and the only i n t e r a c t i o n r e q u i r i n g 
c o n s i d e r a t i o n i s that between the r a r e e a r t h i o n s . When the 
other component of the compound i s a 3d t r a n s i t i o n metal, as 
i s the case f or the compounds i n t h i s study, the magnetic 
ordering temperatures are frequently comparable to that of i r o n 
I n these cases i t i s a l s o necessary to allow f or the exchange 
i n t e r a c t i o n s o c c u r r i n g between the t r a n s i t i o n metal ions and 
between the t r a n s i t i o n metal and r a r e e a r t h i o n s . 
In the fol l o w i n g s e c t i o n s these three i n t e r a c t i o n s are 
b r i e f l y o u t l i n e d s e p a r a t e l y . 
1.3.1 Magnetic P r o p e r t i e s of Rare Ea r t h s 
Before c o n s i d e r i n g the exchange i n t e r a c t i o n s between the 
magnetic r a r e earth i o n s , a review of the magnetic p r o p e r t i e s 
of the r a r e e a r t h family i s given below. 
The i n i t i a l member of the family of f i f t e e n elements, 
known as the r a r e e a r t h s , i s lanthanum with atomic number 57 i n 
the p e r i o d i c t a b l e , and the f i n a l member, lutetium, i s at 
atomic number 71• 
Lanthanum has the e l e c t r o n c o n f i g u r a t i o n : -
M 2 - 2 _ 6 _ 2 _ 6 ,,10 . 2 . 6 . .10 , 2 _ 6...0 C , ( D 6 s ( 2 ) U s 2s 2p 3s 3p 3d *ts *fp *fd 5s 5p 5d 
where the c o n f i g u r a t i o n w i t h i n the b r a c k e t s i s that of Xenon. 
I t w i l l be noted that the *ff s h e l l i s unoccupied, whereas 
there i s one e l e c t r o n i n the 5d s h e l l . T h i s i s because the inner 
kf s h e l l i s at a higher energy than the more extensive 5d 
o r b i t a l . 
The *tf s h e l l has an angular quantum number, 1, equal to 
three and therefore has 2(21 + 1 ) , i . e . , 1*f a v a i l a b l e e l e c t r o n 
s t a t e s (seven o r b i t a l s t a t e s and two s p i n s t a t e s for each). I t 
0 14 i s the f i l l i n g of these s t a t e s from kf f o r lanthanum to *tf 
f o r l u t e t i u m that c h a r a c t e r i s e s the r a r e earth s e r i e s . While 
t h i s i s happening the o u t e r - l y i n g e l e c t r o n s t a t e s are essen-
t i a l l y unchanged and i t i s for t h i s reason that the r a r e e a r t h 
elements are so chemically a l i k e . T h i s i s a l s o the reason for 
the d i f f i c u l t y i n s e p a r a t i n g r a r e e a r t h elements from aqueous 
s o l u t i o n as i n the wet chemical process mentioned i n the i n i t i a l 
s e c t i o n . 
The p a r e n t h e s i s i n the 5d s t a t e for the element lanthanum 
i s used to i n d i c a t e that i n many of the elements, once the 4f 
s h e l l contains e l e c t r o n s , the 5d e l e c t r o n i s t r a n s f e r r e d to the 
kf s h e l l . There i s a l s o a tendency to r e t a i n the s t a b l e h a l f -
or completely f u l l s t r u c t u r e . 
The outer 5 d ^ ^ and 6 s e l e c t r o n s are r e a d i l y removed 
to become conduction elements, l e a v i n g a t r i v a l e n t ion - where 
the 5d e l e c t r o n has t r a n s f e r r e d to the k£ s h e l l one conduction 
e l e c t r o n comes from t h i s s h e l l . 
I t i s the unpaired ^ f e l e c t r o n s which give the r a r e e a r t h 
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i o n i t s permanent magnetic moment, the magnitude of which i s 
governed by Hund's Rules. These s t a t e simply that the magni-
tude of the moment a s s o c i a t e d with an incomplete i o n i c s h e l l 
i s given by ( i ) an arrangement of the e l e c t r o n spins such 
t h a t the ion has the maximum number of unpaired e l e c t r o n s p i n s 
c o n s i s t e n t with the P a u l i e x c l u s i o n p r i n c i p l e and ( i i ) a com-
bi n a t i o n of o r b i t a l moments to give the maximum value of L 
allo w i n g f or bath c o n d i t i o n ( i ) and the e x c l u s i o n p r i n c i p l e . 
The t o t a l moment i s then c a l c u l a t e d from S f o r a less 
than h a l f - f i l l e d s h e l l and ~£ = L + S fo r a more than h a l f - f i l l e d 
s h e l l . Provided that the lov/est *ff energy l e v e l s of the ions 
are w e l l separated, the magnetic s u s c e p t i b i l i t y f o r such a mat-
e r i a l i s given by the r e l a t i o n : -
where N i s the number of magnetic ions .per unit v o l u m e , / ^ i s 
the Bohr magneton, ^ the gyromagnetic r a t i o , and T the temper-
ature (°K). I f , however, the l e v e l s p l i t t i n g i s not s u f f i c i e n t l y 
g r e a t , then e l e c t r o n e x c i t a t i o n i n t o these higher l e v e l s w i l l 
occur, so leading to second or higher terms being necessary. 
The a d d i t i o n a l term (then needed) i n evaluating the s u s c e p t i -
b i l i t y has been derived by Van Vleck. ( 4 a ) . 
The s p i n - o r b i t coupling of the hi e l e c t r o n s i s large (/~10°K) 
and i s a t l e a s t one order of magnitude greater than the c r y s t a l 
f i e l d whose i n f l u e n c e i s conside r a b l y reduced by the screening 
of the more r a d i a l l y extensive 5s and 5p s t a t e s . For t h i s 
reason the metallic rare e a r t h systems can be represented by an 
assembly of t r i - p o s i t i v e r a r e e a r t h i s o l a t e d f r e e ions with 
the c r y s t a l f i e l d as a per t u r b a t i o n , to a f i r s t order approximation. 
The r a r e earths e x h i b i t magnetic ordering over c e r t a i n 
temperature ranges. The exchange between ions i s not d i r e c t , 
however, as there i s l i t t l e overlap of wave functions f o r the 
kt e l e c t r o n s . The exchange i n t e r a c t i o n i s therefore i n d i r e c t 
and i s o u t l i n e d i n s e c t i o n 1.3*2. 
Neutron d i f f r a c t i o n work has shown the c o n f i g u r a t i o n s of 
the magnetic moments i n such ordered s t a t e s are quite complex. 
I n the antiferromagnetic phase, the most commonly found c o n f i g -
u r a t i o n i s the h e l i c a l s p i n s t r u c t u r e shown i n Figure 1.1. I n 
t h i s ordered s t a t e , the magnetic moments of the ions i n any one 
place of the h.c.p. s t r u c t u r e are a l i g n e d f e r r o m a g n e t i c a l l y . 
The d i r e c t i o n s of these moments vary from one plane to another 
by a constant angle, W. I t i s found th a t W, the "turn angle" 
as i t i s c a l l e d , i n c r e a s e s with temperature. Terbium and dys-
prosium are good examples of t h i s behaviour. 
Applying a magnetic f i e l d i n the b a s a l plane to t h i s con-
f i g u r a t i o n d i s t o r t s the h e l i x u n t i l the f i e l d i s large enough 
to cause r o t a t i o n of those spins i n the r e v e r s e d i r e c t i o n to 
the f i e l d . A f u r t h e r i n c r e a s e i n f i e l d then brings about the 
c o l l a p s e of t h i s " f an" c o n f i g u r a t i o n g i v i n g s a t u r a t i o n when a l l 
the spins are a l i g n e d i n the d i r e c t i o n of the f i e l d , H (Figure 1 
Holmium i s s i m i l a r to both dysprosium and terbium i n the 
antiferromagnetic range, but below the Curie temperature dev-
elops a ferromagnetic component of the moment p a r a l l e l to the 
c - a x i s of the c r y s t a l , while maintaining the h e l i c a l s t r u c t u r e 
i n the b a s a l plane. 
Figure 1.3 shows the z e r o - f i e l d moment co n f i g u r a t i o n s of 
the heavy r a r e e a r t h metals i n the antiferromagnetic and f e r r o -
magnetic s t a t e s . 
c-axis 
basal plane < 
< w 
< 
< w 
(a) Oblique view of (b) View along c-axis 
hexagonal plans 
showing moment 
directions. 
FIG. 1.1 
A. s i m p l i f i e d view of the h e l i c a l s p i n s t r u c t u r e , i n which the ordering 
i n any plane i s ferromagnetic, but the moment d i r e c t i o n from plane to 
plane changes through a constant "turn angle", w, r e s u l t i n g i n o v e r a l l 
antiferromagnetic behaviour (from T a y l o r ( l 3 ) ) . 
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Zero f i e l d magnetic s t r u c t u r e s of heavy r a r e e a r t h metals and 
t r a n s i t i o n temperatures (from Taylor ( 1 3 ) ) > 
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The theory of i n d i r e c t exchange between r a r e earth i o n s , 
which accounts f o r the wide v a r i e t y of magnetic s p i n s t r u c t u r e s , 
was o r i g i n a l l y developed by Rudermann and K i t t e l ( 5 ) i n connec-
t i o n with N.M.R. i n metals. This theory was subsequently 
adapted by Kasuya (6 ) and Yosida ( 7 ) and i s now freq u e n t l y r e -
f e r r e d to on the RKKY theory. 
1.3.2 RKKY I n t e r a c t i o n 
I t i s the p o l a r i s a t i o n of the conduction e l e c t r o n s i n the 
r a r e e a r t h metals which giv e s r i s e to the i n d i r e c t exchange 
between the i o n s . These i n t e r a c t i o n s are long-range and have 
the o s c i l l a t i n g nature necessary to account for the h e l i c a l 
s p i n s t r u c t u r e o u t l i n e d p r e v i o u s l y . 
The exchange i n t e g r a l f or the i n t e r a c t i o n between the 
l o c a l i s e d f e l e c t r o n s and the conduction s e l e c t r o n s can be 
w r i t t e n : -
9C(r',k) A (k,k ).i 
s p i n s 
r ... r . • • • r ) x —n 
• • a I* • • • X* / X n 
dr dr„ ... dr •n 
where XX£.»k) a n d ? kf are the wave functi o n s r e p r e s e n t i n g the 
conduction e l e c t r o n s and the e l e c t r o n s i n the incomplete ki 
s h e l l r e s p e c t i v e l y . 
I t i s u s u a l l y assumed, f o r s i m p l i c i t y , that the exchange 
i n t e g r a l i s i s o t r o p i c and a fu n c t i o n of q = Ik^  - kl only. 
Furt h e r , w i t h i n the RKKY theory, ACqJ has been taken as a con-
s t a n t , r"" say. 
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W r i t i n g - the exchange i n t e g r a l i n r e a l space as A ( r ) l e a d s 
t o an exchange i n t e r a c t i o n between t h e c o n d u c t i o n and f e l e c t r o n s 
o f t h e f o r m 
} { s f = - A ( r - H)a .S 
where s and £ a re t h e s p i n s o f t h e c o n d u c t i o n e l e c t r o n and i o n 
a t r and R r e s p e c t i v e l y . I n an ex t ended zone scheme, and f o r 
p l ane " e l e c t r o n " waves 
A ( . r ) = ^ . A ( ^ ) . exp ( i c ^ . r ) 
I n t h e RKKY a p p r o x i m a t i o n : -
A ( r - R) = r S ( £ " R) 
Since i s s p i n dependen t , t h e c o n d u c t i o n e l e c t r o n s o f 
d i f f e r e n t s p i n w i l l r e spond d i f f e r e n t l y t o the i n t e r a c t i o n . 
For example , i f A ( r ) < 0 , t h e s p i n - u p e l e c t r o n s have minimum 
energy i n t h e v i c i n i t y o f S and those o f s p i n down do n o t . The 
c o n d u c t i o n e l e c t r o n s are t h e r e f o r e p o l a r i s e d . The p o l a r i s a t i o n , 
P ( r ) , i s d e f i n e d as the d i f f e r e n c e be tween the d e n s i t i e s o f s p i n -
up and s p i n - d o w n e l e c t r o n s and i s g i v e n b y : -
E(r) = 1. f (k) [OC* < r , k ) I 2 - lX_( r ,k ) | 2 ] 
where f ( k ) i s theoccupancy o f t h e s t a t e s k and t h e ~)C+ a r e t n e 
e l e c t r o n wave f u n c t i o n s i n f i r s t o r d e r p e r t u r b a t i o n t h e o r y . 
C o n s i d e r i n g t h e i n c i d e n t e l e c t r o n s as p l ane waves, we can 
r e - w r i t e P ( r ) a t T = 0°K ( t h u s o n l y s t a t e s below Fermi l e v e l 
o c c u p i e d ) as 
P ( r ) = 21L s £ / F ( 2 K f | r - r 1 f ) A ( r 1 ) d r 1 
where & i s the number o f c o n d u c t i o n e l e c t r o n s pe r u n i t volume 
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and SL i s t h e a tomic v o l u m e , and 
r . f s ( s i n x - x cos x ) 
m x ; = £ 
X 
The KKKY r e s u l t , w i t h A ( r ) = P S ( r ) i s t h e n l o n g 
range and o s c i l l a t o r y , f a l l i n g o f f a p p r o x i m a t e l y as a t 
l a r g e d i s t a n c e s . 
The p o l a r i s a t i o n E ( r ) p roduced by an i o n i c s p i n S i a t H i 
i n t e r a c t s w i t h a second s p i n S i a t R i t h r o u g h X s f » a » d t h e 
exchange i n t e r a c t i o n between t h e s p i n s i s w r i t t e n i n second 
o r d e r p e r t u r b a t i o n t h e o r y ( w i t h i n a p p r o x i m a t i o n s ) as 
y ± J = - i ( a - S i ) a . s i 
where £ ( R i - j y ) = A 2 ( ^ ). % ( ) exp ( R i - H j_ ) j 
I n t h e RKKY. model A.( c, ). =: V and 
4 ( H i - H i ) = 9 7 r Z \ ^ 2 F ( 2 k J H i - R i I ) 
2 JL E 
2 P 2 
f 
T h i s i n t e r a c t i o n i s be tween i o n i c s p i n s S. Now, because 
o f the s t r o n g s p i n - o r b i t c o u p l i n g men t ioned e a r l i e r , L , t h e t o t a l 
o r b i t a l momentum, and S, t h e t o t a l s p i n momentum, cannot be 
q u a n t i s e d . I n s t e a d , the t o t a l a n g u l a r momentum J becomes a 
good quantum number, and we must r e p l a c e S by ( ^ - 1 ) J i n the 
above . 
S ince ( ^ j - 1.) r e v e r s e s s i g n f r o m n e g a t i v e t o p o s i t i v e w i t h 
i n c r e a s i n g a t o m i c number i n the r a r e e a r t h s , i t f o l l o w s t h a t 
i n t e r a c t i o n s i n v o l v i n g t h e l i g h t and heavy r a r e e a r t h s have 
o p p o s i t e s i g n t o the g between them. 
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Since jl. . has the He i senbe rg f o r m , we may use t h e m o l e c u l a r 
f i e l d mode l t o g i v e : -
KJZfp = 37T Z 2 r 2 - 1 ) 2 I C E » D ^ F < 2 k f I M " E l * ) 
f 
an e x p r e s s i o n f r e q u e n t l y used t o account f o r t h e observed p a r a -
magne t i c C u r i e t e m p e r a t u r e ( j f i p ) . 
Of t h e t h r e e magne t i c i n t e r a c t i o n s ( i n r a r e e a r t h i n t e r -
m e t a l l i c compounds) , t he r a r e e a r t h - r a r e e a r t h i o n i s t h e weak-
e s t . An o u t l i n e o f t h e s t r o n g e r i n t e r a t i o n s between t r a n s i t i o n 
m e t a l i o n s and those between t r a n s i t i o n m e t a l i o n s and r a r e e a r t h 
i o n s i s now g i v e n b e l o w . 
1.3*3 .The D i r e c t I n t e r a c t i o n 
U n l i k e t h e r a r e e a r t h - r a r e e a r t h i n t e r a c t i o n d i s c u s s e d 
above , the d i r e c t exchange between t h e t r a n s i t i o n m e t a l s , due 
t o t h e o v e r l a p o f the 3d o r b i t a l s , cannot be r e p r e s e n t e d w i t h 
t he same degree o f a c c u r a c y . 
S tone r and S l a t e r ( 8 ) sugges ted t h a t f o r Fe , Co and N i t h e 
3d e l e c t r o n s r e s p o n s i b l e f o r t h e i r magnet ism a r e n o t t i g h t l y 
bound t o any p a r t i c u l a r nucleus b u t may move f r e e l y f r o m one i o n 
t o a n o t h e r t h r o u g h t h e c r y s t a l s t r u c t u r e . Whereas t h i s i t i n e r -
a n t o r " c o l l e c t i v e e l e c t r o n " model i s a p p l i c a b l e i n t h a t t h e 
3d e l e c t r o n energy l e v e l s a re broadened i n t o a band w h i c h can 
be s p l i t by exchange t o g i v e a moment, n e u t r o n d i f f r a c t i o n has 
r e v e a l e d a c e r t a i n amount o f l o c a l i s a t i o n of these moments 
a r o u n d the t r a n s i t i o n m e t a l i o n s . A compromise between t h e 
1*t 
e l e c t r o n b e i n g l o c a l i s e d and b e i n g c o m p l e t e l y f r e e i s t h e r e f o r e 
necessary t o accoun t f o r t h e m a g n e t i s a t i o n r e s u l t s o f such 
m a t e r i a l s . 
An o u t l i n e o f S t o n e r ' s t h e o r y i s j t h e r e f o r e g i v e n b e l o w , 
f o l l o w e d by a b r i e f d i s c u s s i o n on t h e m o d i f i c a t i o n s necessary 
t o account f o r t h e observed a n o m a l i e s . 
I f we c o n s i d e r t h e pa ramagne t i c s t a t e i n such a sys tem 
where two sub-bands a r e e q u a l l y p o p u l a t e d , one o f these s u b -
bands must be d i s p l a c e d a l o n g t h e ene rgy a x i s ( F i g u r e 1 .4) t o 
o b t a i n a moment. T h i s moment i s due t o the t r a n s f e r of e l e c t r o n s 
f r o m one sub-rband t o t h e o t h e r o f a l o w e r energy g i v i n g an 
excess o f s p i n s i n a p a r t i c u l a r d i r e c t i o n . 
L e t a s m a l l number, n e l e c t r o n s / a t o m , be t r a n s f e r r e d f r o m 
t h e s p i n - down t o t h e s p i n - u p band . T h i s r e q u i r e s an energy 
n6E per a t om, i f 26E i s the energy d i f f e r e n c e between the two 
Fermi l e v e l s . 
As t h e exchange energy i s p r o p o r t i o n a l t o the number o f 
e l e c t r o n p a i r s i n each sub-band , t h e r e s u l t a n t exchange energy 
i s t h e r e f o r e l o w e r e d by 
Q p / 2 + n ) 2 + ( p / 2 - n ) 2 - 2 ( p / 2 f ) W = 2Wn 2 
where W i s t h e average exchange energy per p a i r o f e l e c -
t r o n s and p i s t h e number o f e l e c t r o n s per a t om. 
I f t h e t o t a l energy i s l owered when the band i s p o l a r i s e d : -
2Wn 2 > nSE 
I f N ( & j J i s the d e n s i t y o f s t a t e s a t t h e Fermi l e v e l , t h e n 
w r i t i n g n / N ( E F ) f o r SE 
2WN.(EF) > 1 ( D 
A e 
AE 
F I G . 1.4 
i 
A schemat ic r e p r e s e n t a t i o n o f t h e s p l i t t i n g o f the s p i n - u p 
and s p i n - d o w n sub bands o f i t i n e r a n t e l e c t r o n f e r r o m a g n e t by 
t h e exchange i n t e r a c t i o n ( f r o m T a y l o r ( l 3 ) ) » 
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T h i s i s t h e S t o n e r c r i t e r i o n f o r t h e o c c u r r e n c e s o f spontaneous 
moment. 
When t h i s i n e q u a l i t y h o l d s , one sub-rband s h o u l d b e g i n t o 
f i l l a t t h e expense o f t h e o t h e r u n t i l t h e t o t a l energy i s a 
minimum. 
I t has been f o u n d , however , t h a t t h e e l e c t r o n t r a n s f e r 
between sub-bands does no t n e c e s s a r i l y c o n t i n u e u n t i l one s u b -
band i s f u l l , i . e . , p o l a r i s a t i o n may n o t be c o m p l e t e . T h i s i s 
t h e case f o r i r o n , where t h e Fe rmi l e v e l o f t h e sub-band i s 
t r a p p e d a t a minimum i n t h e d e s n i t y o f s t a t e s and the m o l e c u l a r 
f i e l d i s n o t l a r g e enough t o p r o v i d e t h e excess, energy necessa ry 
f o r Ep t o move t h r o u g h t h i s r e g i o n o f l o w d e n s i t y s t a t e s . 
I n t h i s s i t u a t i o n i n w h i c h b o t h sub-bands a r e i n t e r s e c t e d 
by t h e F e r m i l e v e l , one o b t a i n s : -
2W > 
N(E) 
where N(E7 = j | = ^ / N(E)dE 
where n Q i s t h e t o t a l number o f e l e c t r o n s t r a n s f e r r e d f r o m one 
sub-band t o a n o t h e r , N(E) i s the average d e n s i t y o f s t a t e s 
between t h e e q u i l i b r i u m F e r m i l e v e l s E^ and E^ o f the two s u b -
bands, ( A E = E^ - E 2 ) . 
F r i e d e l ( 9 ) has shown t h a t w i t h i n t h e band model i t i s 
p o s s i b l e t o o b t a i n a s i t u a t i o n i n w h i c h a l o c a l moment c h a r a c -
t e r may appear t o be a s s o c i a t e d w i t h an i o n . He c o n s i d e r e d 
the s p a t i a l dependence o f energy abou t a t r a n s i t i o n m e t a l i o n 
and showed t h a t such a p o l a r i s a t i o n i s s t a b l e f o r the c o n d i t i o n 
i n e q u a t i o n ( 1 ) . 
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I n t h i s model i t i s t h e excess s p i n down or d e f i c i t s p i n 
up e l e c t r o n s i n t h e l o c a l p o p u l a t i o n s o f i t i n e r a n t e l e c t r o n s 
t h a t a re o f p r i m e i m p o r t a n c e , and t h e s i z e o f t h e p o l a r i s a t i o n 
r e g i o n s i s comparable t o t h e F e r m i w a v e l e n g t h . S u r r o u n d i n g t h e 
c e n t r a l r e g i o n i s a r e g i o n o f f r i n g e s o f s p i n p o l a r i s a t i o n o f 
a l t e r n a t i n g s i g n , and i t was proposed t h a t t h e appearance o f 
e i t h e r f e r r o m a g n e t i c o r a n t i - f e r r o m a g n e t i c s t a t e s w i l l depend 
upon t h e d e t a i l s o f t h e o v e r l a p o f these p o l a r i s a t i o n r e g i o n s . 
1.3.4 f - d i n t e r a c t i o n 
I t i s because o f t h e s t r o n g l y l o c a l i s e d c h a r a c t e r o f t h e 
4f e l e c t r o n s and t h e r a t h e r poor 4f - 3d m i x i n g between r a r e 
e a r t h ( A ) and t r a n s i t i o n m e t a l atoms ( B ) t h a t t h e RKKY i n t e r -
a c t i o n between them c o n t r i b u t e s most t o t h e c o u p l i n g . The r a r e 
e a r t h moments as w e l l as t h e t r a n s i t i o n m e t a l moments w i l l p o l a -
r i s e t h e c o n d u c t i o n e l e c t r o n s by means o f an exchange c o u p l i n g . 
W i t h t h e a s sumpt ion t h a t t h e exchange i n t e g r a l s do no t 
depend on j ^ , one o b t a i n s t h e a n a l y t i c a l e x p r e s s i o n ( I O ) : -
X A-B • (T) 2 % >°> 3B<°> £ *a> < sl 
where N r e p r e s e n t s t h e number o f l a t t i c e p o i n t s and 2n t h e num-
ber o f c o n d u c t i o n e l e c t r o n s , k j , i s t h e s-band F e r m i wave v e c t o r , 
t h e summation over n and m i n o l v e s a l l A - B d i s t a n c e s p r e s e n t 
i n t h e u n d e r l y i n g c r y s t a l s t r u c t u r e . 
The q u a n t i t y ^ ^ ( o ) r e p r e s e n t s t h e e f f e c t i v e s - f e x -
change i n t e g r a l , b e i n g p o s i t i v e o r n e g a t i v e a c c o r d i n g t o t h e 
normal exchange i n t e g r a l b e i n g l a r g e r o r s m a l l e r t h a n the 
c o n t r i b u t i o n s a r i s i n g t h r o u g h i n t e r b a n d m i x i n g . 
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i s t h e e f f e c t i v e s - d i n t e g r a l a n d , depend ing on 
t h e amount o f s - d m i x i n g , may have e i t h e r s i g n . As l i t t l e 
i s known o f t h i s q u a n t i t y i n r a r e e a r t h i n t e r m e t a l l i c compounds, 
the above model f o r A - B c o u p l i n g can n o t be t e s t e d by compar-
i s o n w i t h e x p e r i m e n t a t t h e p r e s e n t t i m e . 
1.4 ELECTROSTATIC CRYSTAL FIELD EFFECTS I N RARE EARTHS 
The r a r e e a r t h m e t a l s do not i n t e r a c t w i t h t h e c r y s t a l 
f i e l d t o t h e same e x t e n t as t h e 3d t r a n s i t i o n m e t a l s due t o t h e 
kf s h e l l b e i n g h i g h l y s c r e e n e d , as men t ioned e a r l i e r . As a 
r e s u l t , the s p i n - o r b i t c o u p l i n g d o m i n a t e s , and t h e c r y s t a l f i e l d 
may be t r e a t e d as a s m a l l p e r t u r b a t i o n on ^ , t h e t o t a l a n g u l a r 
momentum, as o u t l i n e d b e l o w . 
For an i o n w i t h a p a r t i c u l a r c o n f i g u r a t i o n , t h e s p i n -
o r b i t ene rgy can be e v a l u a t e d u s i n g t h e H a m i l t o n i a n : -
v/ = X L .S A so 
where L i s t h e i o n ' s t o t a l o r b i t a l momentum and S i t s t o t a l 
s p i n momentum. 
The v a l u e of t h e s p i n - o r b i t c o e f f i c i e n t , can be d e t e r -
mined f r o m v i s i b l e s p e c t r a more e a s i l y t h a n i t can be c a l c u l a -
t e d t h e o r e t i c a l l y . For g round s t a t e s o f i o n s i s n o r m a l l y 
p o s i t i v e i f t h e t r a n s i t i o n s h e l l i s l e s s t h a n h a l f f u l l and 
n e g a t i v e when i t i s more t h a n h a l f f u l l . 
The a d d i t i o n o f )n t o t h e H a m i l t o n i o n removes t h e i n d e -° so 
pendence o f L and S, and i t i s t he t o t a l a n g u l a r momentum, S , 
o f t h e i o n w h i c h i s q u a n t i s e d . S t a t e s o f e q u a l L , S, and 
b u t d i f f e r e n t v a l u e o f quantum number M-j are degenera te f o r a 
f r e e i o n . The c r y s t a l f i e l d s w h i c h a c t on r a r e e a r t h i o n s i n 
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c r y s t a l s a r e t o o weak t o change t h e magni tude o f T , b u t i t 
does p a r t i a l l y remove t h e degeneracy o f such s t a t e s . The number 
o f l e v e l s w h i c h a r i s e f r o m the + 1 degenera te ground s t a t e 
t h e n depends upon the symmetry o f t h e e l e c t r o s t a t i c f i e l d V e ( r ) 
and can be d e t e r m i n e d by g roup t h e o r y . I t i s f o u n d t h a t the 
l o w e r t h e symmetry o f V c ( r ) , t h e g r e a t e r i s t h e s p l i t t i n g o f 
the l e v e l s , and f o r a g i v e n symmetry t h e magni tude of t h e 
s p l i t t i n g depends on the 3 v a l u e . 
An i m p o r t a n t r e s t r i c t i o n i n t h i s s p l i t t i n g o c c u r s f o r i o n s 
w i t h an odd number o f e l e c t r o n s , w h i c h have h a l f - i n t e g r a l 
v a l u e s o f S and hence a l s o o f ^_ . I n t h i s case t h e s t a t e s 
a lways o c c u r i n p a i r s w h i c h have t h e same charge d i s t r i b u t i o n 
and d i f f e r o n l y i n t h e o r i e n t a t i o n o f t h e magne t ic moment. 
Each p a i r mus t , t h e r e f o r e , r e t a i n t h e same energy i n an e l e c t r i c 
f i e l d , t h o u g h t h e y can be s p l i t i n a magne t i c f i e l d . T h i s r e s -
u l t was p r o v e d i n a theorem o f Kramers (11) and t h e doub le 
degeneracy o f such s t a t e s i n an e l e c t r i c f i e l d i s r e f e r r e d t o 
as " K r a m e r ' s degene racy" . 
A n o t h e r g e n e r a l theorem f r o m g roup t h e o r y w h i c h i s i n v a l u -
a b l e i n t h e u n d e r s t a n d i n g o f t h e l o w e s t energy l e v e l s t r u c t u r e 
i s t h e J a h n - T e l l e r e f f e c t . T h i s s t a t e s t h a t the env i ronmen t o f 
an i o n w i t h a degenera te ground s t a t e , K r a m e r ' s d o u b l e t s e x c e p t e d , 
spontaneously d i s t o r t s t o a l o w e r symmetry so as t o remove t h e 
degeneracy . I t i m p l i e s t h a t i o n s w i t h an even number o f *tf 
e l e c t r o n s a lways have s i n g l e t gicund s t a t e s . T h i s r u l e does n o t 
a p p l y t o t h e e x c i t e d s t a t e . 
1.5 A B 2 COMPOUNDS (A = r a r e e a r t h ; B = t r a n s i t i o n m e t a l ) 
Most o f t h e work u n d e r t a k e n i n t h i s s t u d y i s concerned 
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w i t h t h e magne t i c p r o p e r t i e s o f t h e p s e u d o - b i n a r y systems based 
on .DyCo^ and . DyNi2« ^ 0 r ^ " - ^ r e a s o n a b r i e f r e v i e w o f t h e 
p r o p e r t i e s o f the A B ^ ' s i s g i v e n b e l o w . 
f r o m i n v e s t i g a t i o n s o f phase d iag rams i t i s a p p a r e n t t h a t 
r a r e e a r t h s o n l y f o r m compounds w i t h t h e 3d t r a n s i t i o n me ta l s 
t o t h e r i g h t o f chromium i n t h e p e r i o d i c t a b l e . Of t h e s e , t h e 
most common s t o c h i o m e t r y i s t h a t o f t h e A B ^ ' s . 
The m a j o r i t y o f t hese compounds f o r m i n t h e c u b i c (C15) 
Laves phases . The appearance o f t h e Laves phase depends upon 
s i z e f i l l i n g c o n s i d e r a t i o n s and t h e s t a b l e phase i s d e t e r m i n e d 
by va l ence e l e c t r o n c o n c e n t r a t i o n e f f e c t s , as men t ioned i n s ec -
t i o n 1.2. 
The r e s u l t s o f e a r l y work by V i c k e r y (12) on t h e magnet ic 
p r o p e r t i e s o f t h e Gd/Co s e r i e s showed a deep minimum i n the 
m a g n e t i s a t i o n v e r s u s c o m p o s i t i o n g r a p h . This i n f e r s a f e r r i -
magne t ic c o u p l i n g between the i o n s f o r t h e heavy r a r e e a r t h com-
pounds, whereas a f e r r o m a g n e t i c c o u p l i n g was observed i n t h e 
l i g h t r a r e e a r t h s . 
I n t h e n i c k e l compounds, however , t h e s a t u r a t i o n magnet-
i s a t i o n has been t a k e n t o i n f e r t h a t t h e N i i o n i n such com-
pounds c a r r i e s no moment. 
The moment o f t h e Co i o n i n such compounds has been shown 
by e x p e r i m e n t t o be a p p r o x i m a t e l y 1»Oy#fi . For heavy r a r e e a r t h s 
t h i s i s c o u p l e d a n t i f e r r o m a g n e t i c a l l y t o t h e r a r e e a r t h moment, 
whereas f o r such compounds as PrCo^i NdCo^ and SmCo^ they appear 
t o be f e r r o m a g n e t i c a l l y c o u p l e d . T h i s r e v e r s a l i n the s i g n o f 
t h e c o u p l i n g i s u n d e r s t o o d i n te rms of an a n t i f e r r o m a g n e t i c 
c o u p l i n g o f the s p i n angular momenta o f t h e r a r e e a r t h and t r a n -
s i t i o n m e t a l s , s i n c e f o r heavy and l i g h t r a r e e a r t h s we have 
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= L + S and "5 = L . - S r e s p e c t i v e l y ( F i g u r e 1 .5 ) . 
The absence o f N i moment i n compounds and t h e reduced 
moment v a l u e s a s s o c i a t e d w i t h Co compounds were o r i g i n a l l y 
a t t r i b u t e d t o t h e f i l l i n g o f t h e l o c a l i s e d 3d s t a t e s by e l e c t r o n 
t r a n s f e r f r o m the r a r e e a r t h . More r e c e n t s t u d i e s , however , 
show t h a t i t i s n o t v a l i d t o o n l y c o n s i d e r t h e core p o l a r i s a t i o n 
i n the c r y s t a l f i e l d c a l c u l a t i o n s . 
S t u d i e s o f v a r i o u s pseudo b i n a r y systems by P i e r c y and 
T a y l o r (13 ) i n d i c a t e a n o n - l i n e a r v a r i a t i o n o f t h e t r a n s i t i o n 
m e t a l moment w i t h c o m p o s i t i o n i n sys tems such as (Dy ^ _ x ^ x -^ e 2 
and Gd(Co„ N i ) ._ . I n b o t h these s e r i e s t h e moment of t h e 1-x x 2 
t r a n s i t i o n m e t a l i o n s changes a p p r e c i a b l y over a s m a l l c o m p o s i -
t i o n range - a f a c t w h i c h i s h a r d t o j u s t i f y on t h e b a s i s cf 
e l e c t r o n t r a n s f e r t o l o c a l i s e d 3d s t a t e s . P i e r c y and T a y l o r 
p roposed t h a t t h e 3d s t a t e s o f t h e Fe , Co and N i atoms i n these 
compounds f o r m a band w h i c h g i v e s r i s e t o an i t i n e r a n t e l e c t r o n 
moment. 
A s i m p l e model o f t h e a n t i f e r r o m a g n e t i c c o u p l i n g o f the 
s p i n s o f t h e r a r e e a r t h - t r a n s i t i o n m e t a l i o n s has been g i v e n by 
Wal l ace ( 1 4 ) and f o l l o w s f r o m t h e known s i g n o f i n t e r a c t i o n 
between t h e f and d e l e c t r o n s w i t h t h e c o n d u c t i o n e l e c t r o n s . 
F o l l o w i n g work by J a c c a r i n o e t a l (15) on R A I D ' s , i t i s 
known t h a t t h e c o n d u c t i o n e l e c t r o n p o l a r i s a b i l i t y due t o a r a r e 
e a r t h i o n i s n e g a t i v e w i t h r e s p e c t t o t h e s p i n o f t h e i o n a t 
t he i o n s i t e i n t h e l a t t i c e and a l s o n e g a t i v e a t the n e i g h b o u r i n g 
t r a n s i t i o n m e t a l s i t e s . S ince i n t hese Laves phase compounds 
the A - B and A - A d i i a n c e s a re comparab le , one can assume t h a t 
t h e p o l a r i s a t i o n i s a l s o n e g a t i v e a t t h e n e i g h b o u r i n g r a r e e a r t h 
s i t e s and w i l l g i v e r i s e t o a f e r r o m a g n e t i c r a r e e a r t h s u b - l a t t i c e . 
/ 
to 
u o 
I—I 
E-
E 
O 
"8 
3 
O 
o o 
CO 
CO 
L a: 
c o 
J .2 
-»-» 
< 3 -
05 
CT> 
aJ 
CO 
i 
_ j 
i i 
c 
CD 
E o 
0) 
c 
= E 
2 & 
. 9 -
c < 
c 
0) E o 
Q_ 
c 
E c 
CO 
d 
4-> 
e 
c o 
V) 
c 
4= 
cd 
0) 
a> 
d 
v X 
4-> 
g 
• H 
rt 
+J 
C 
<D 
• H 
fH 
O 
•fS 
• H 
eu 
to 
a> 
> 
• H 
r - l 0) 
4-> 
4-1 
O 
<u 
• H > 
r-H 
~ & 
23 
W a l l a c e t h e n t r e a t s t h e S - 3d i n t e r a c t i o n as p o s i t i v e ; 
under these c o n d i t i o n s t h e sgdjas o f t h e Fe o r Co i o n s , w h i c h 
l i e a t s i t e s e q u i v a l e n t t o t h e A1 i o n s i n R A 1 2 , w i l l be a l i g n e d 
i n F i g u r e 1 .6 , f r o m w h i c h i t i s e v i d e n t t h a t t h i s c o u p l i n g 
mechanism w i l l l e a d a u t o m a t i c a l l y t o f e r r o m a g n e t i s m i n t h e 
l i g h t r a r e e a r t h compounds and f e r r i m a g n e t i s m i n those fo rmed 
w i t h heavy r a r e e a r t h e l e m e n t s . 
1.6 MAGNETIC TRANSITIONS I N RARE EARTH INTERMETALLIC COMPOUNDS 
As t h e exchange energy i s s m a l l and o s c i l l a t o r y i n t h e 
r a r e e a r t h i n t e r m e t a l l i c compounds, t h e i r magnet ic s t r u c t u r e s may 
be e i t h e r f e r r o m a g n e t i c o r a n t i - t f e r r o m a g n e t i c . F u r t h e r m o r e , as 
a consequence o f the h i g h a n i s o t r o p y i n these m a t e r i a l s , t h e i r 
domain w a l l s a re v e r y n a r r o w . 
The magne t i c t r a n s i t i o n s i n the a n t i - f e r r o m a g n e t i c m a t -
e r i a l s , e . g . , A^B ' s have been f o u n d t o be caused by s p i n - f l i p , 
s p i n - f l o p p r o c e s s e s , F e r o n ( l 6 ) , T a y l o r e t a l ( l 7 ) . For some 
m a t e r i a l s , however , t h e r e has been some a m b i g u i t y over w h i c h 
p rocesses a r e i n v o l v e d i n t h e t r a n s i t i o n s . For example , 
Barbara e t a l ( l 8 ) i n i t i a l l y e x p l a i n e d t h e metamagnet ic t r a n -
s i t i o n o b t a i n e d i n D y ^ A ^ i n te rms o f a n t i - f e r r o m a g n e t i c -
f e r r o m a g n e t i c t r a n s i t i o n s . B u s c h o w ( 1 9 ) » however , has shown 
t h a t the observed t r a n s i t i o n i s due t o t h e h i g h a n i s o t r o p y 
o f t h e m a t e r i a l . S u b s e q u e n t l y , Ba rba ra e t a l ( 2 0 ) have r e -
i n t e r p r e t e d t h e i r r e s u l t s f o l l o w i n g Buschow's a p p r o a c h . 
Z i j l s t r a ( 2 1 ) and Egami (22) have i n v e s t i g a t e d m a t e r i a l s 
w i t h na r row domain w a l l s t h e o r e t i c a l l y . A resume o f Z i j l s t r a ' s 
t h e o r y i s g i v e n i n Chapter 2 , where i t i s shown t h a t t h e r e 
i s an i n t r i n s i c energy b a r r i e r t o domain w a l l m o t i o n i n these 
2k 
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A. p i c t o r i a l v i ew o f the r a r e e a r t h - t r a n s i t i o n m e t a l i n t e r a c t i o n o c c u r -
r i n g by way o f t h e c o n d u c t i o n e l e c t r o n s f o r ( a ) l i g h t r a r e e a r t h 
e l e m e n t s , and ( b ) heavy r a r e e a r t h e lements ( f r o m T a y l o r ( 1 3 ) ) . 
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m a t e r i a l s , w h i c h m a n i f e s t s i t s e l f as an i n t r i n s i c c o e r c i v i t y . 
1.7 INTRINSIC MAGNETIC AFTEREFFECT 
D u r i n g i n v e s t i g a t i o n s on t h e p s e u d o b i n a r y s e r i e s Dy ( C o , N i ) - , , 
T a y l o r ( 2 3 ) obse rved t h a t t h e m a g n e t i s a t i o n d i d no t i n c r e a s e 
a p p r e c i a b l y be low a c r i t i c a l f i e l d . Once t h e c r i t i c a l f i e l d 
had been passed , however , he- n o t i c e d t h a t t h e m a g n e t i s a t i o n 
i n c r e a s e d much more r a p i d l y and t h a t t h e m a g n e t i s a t i o n was 
t i m e dependen t . T a y l o r c a l l e d t h i s e f f e c t t h e magne t ic a f t e r -
e f f e c t . He f o u n d t h a t no t o n l y d i d t h e c r i t i c a l f i e l d depend 
upon t h e c o m p o s i t i o n o f the specimen i n t h e s e r i e s b u t a l s o 
upon the r a t e a t w h i c h the f i e l d was a p p l i e d . The phenomenon 
has s i n c e been e x p l a i n e d u s i n g Z i j l s t r a ' s nar row domain w a l l 
t h e o r y . 
W h i l e i t appeared an u n u s u a l phenomen t h r e e y e a r s ago , i t 
i s now c l e a r t h a t many r a r e e a r t h compounds e x h i b i t these 
e f f e c t s a s s o c i a t e d w i t h nar row domain w a l l s . F u r t h e r e x p e r i m e n -
t a l s t u d i e s ( 2 4 , 2 5 ) have shown t h a t t h e i n t r i n s i c c o e r c i v i t y 
o f these m a t e r i a l s does no t c o m p l e t e l y p i n t h e domain w a l l 
b u t reduces i t s m o b i l i t y . Egami (22) has drawn t h e p a r a l l e l 
between t h e p r e s e n t s i t u a t i o n and t h a t o f d i s l o c a t i o n s p i n n e d 
by t h e P e i e r l ' s p o t e n t i a l . Us ing t h i s a n a l o g y , Egami has 
p o s t u l a t e d ( 2 6 ) t h a t the p rocess w h i c h governs t h e i n c r e a s e 
i n m a g n e t i s a t i o n a t l ower t e m p e r a t u r e s i s due t o quantum ••-
m e c h a n i c a l t u n n e l l i n g , whereas f o r h i g h e r t e m p e r a t u r e s t h e 
domain w a l l i s t h e r m a l l y a c t i v a t e d so t h a t i t may move f r o m 
i t s p i n n i n g s i t e . 
T a y l o r ( 2 4 ) and Egami(2?) have used d i f f e r e n t e x p r e s s i o n s 
t o d e s c r i b e t h e t h e r m a l a c t i v a t i o n p r o c e s s . 
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T a y l o r p r e d i c t s a l i n e a r dependence between t h e m a g n e t i s a -
t i o n r a t e and t h e a p p l i e d magnet ic f i e l d and a l s o a dependence 
upon t h e r e c i p r o c a l o f t h e a b s o l u t e t e m p e r a t u r e , i . e . , 
d t
 r V ' 
w h i l s t Egami expec t s t h e m a g n e t i s a t i o n r a t e t o be dependent 
upon t h e r e c i p r o c a l o f t h e a p p l i e d f i e l d and t e m p e r a t u r e f o r 
t h e t h e r m a l a c t i v a t i o n p r o c e s s , i . e . , 
m oc f ( i - ) . 
d t HT 
F u r t h e r , whereas Egami has p r e d i c t e d a dependence upon t h e 
r e c i p r o c a l o f t h e a p p l i e d f i e l d s q u a r e d , i . e . , 
d t j 2 
f o r the t u n n e l l i n g p rocess a t low t e m p e r a t u r e s , T a y l o r , 
Ba rba ra e t a l have f o u n d t h a t f o r these l o w t e m p e r a t u r e s 
t h e r e s u l t s a re d e s c r i b e d by the r e l a t i o n s h i p : -
1.8 AIM OF THIS STUDY 
From o s c i l l o g r a m s o f m a g n e t i s a t i o n a g a i n s t a p p l i e d 
f i e l d , t h e r e s u l t i n g c r i t i c a l f i e l d and i t s v a r i a t i o n ac ros s 
the s e r i e s o f t h e compounds D y ( G o , N i ) . , i s i n v e s t i g a t e d u s i n g 
a p u l s e d - f i e l d magnetometer . 
Us ing t h e t h e o r y , due t o Z i j l s t r a , o f nar row domain 
w a l l s as o u t l i n e d i n Chap te r 2, t h e c r i t i c a l f i e l d s i n h e r e n t 
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i n these m a t e r i a l s are explained i n terms of the domain w a l l 
being i n s t r i n s i c a l l y pinned. The v a r i a t i o n of the c r i t i c a l 
f i e l d with composition i s explained i n terms of the changing 
s i z e of energy b a r r i e r to domain w a l l motion due to the 
v a r i a t i o n i n the r a t i o of anisotropy to exchange energy con-
s t a n t s a c r o s s the s e r i e s . 
The processes governing the magnetisation and the dom-
a i n w a l l m o b i l i t y a t f i e l d s below the c r i t i c a l f i e l d are 
a l s o i n v e s t i g a t e d by taking measurements of the magnetisa-
t i o n r a t e of DyCoNi at various sweep r a t e s and temperatures. 
Using t h i s information the models proposed by Taylor and 
Egami are t e s t e d and the r e s u l t s compared. 
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CHAPTER TWO 
DOMAIN WALLS 
2.1 DOMAINS 
I t was i n 1907 that Weiss ( 2 8 ) f i r s t conceived the idea 
that a ferromagnetic m a t e r i a l i s divided i n t o domains. The 
t r a n s i t i o n l a y e r which separates two adjacent domains was s t u d -
i e d by Bloch(29)» one type of t r a n s i t i o n l a y e r now being r e f -
e r r e d to as a Bloch w a l l , and l a t e r by Landau and L i f s c h i t s ( 3 0 ) 
and many other workers. 
I t was found that there i s not a discontinuous change 
between domains but a t r a n s i t i o n region where the change i n 
o r i e n t a t i o n of adjacent s p i n s occurs g r a d u a l l y . The t h i c k n e s s 
of t h i s l a y e r i s governed p r i m a r i l y by the balance between the 
exchange energy, E, which favours t h i c k w a l l s and the anisotropy 
energy, K, which conversely favours t h i n w a l l s . 
The o r i g i n of magnetocrystalline anisotropy i n the t r a n s -
i t i o n metals i s not yet w e l l understood because of the i t i n e r -
ant nature of the magnetic moment. The s i t u a t i o n f o r rar e 
earths i s much c l e a r e r , however, where the r e s u l t of the 
strong s p i n - o r b i t c o u p l i n i s to bind the magnetic moment to 
the o r b i t a l momentum. The e f f e c t of the c r y s t a l f i e l d on the 
r a r e e a r t h i on then depends on the ion's o r i e n t a t i o n , i . e . , 
the large magnetic a n i s o t o p i e s of the rar e e a r t h s come d i r e c t l y 
from the c r y s t a l f i e l d . 
In many fe r r o m a g n e t i c a l l y ordered m a t e r i a l s based on r a r e 
e a r t h s , large coercive f o r c e s with open h y s t e r e s i s loops have 
been obtained. This e f f e c t has been attributed to these 
m a t e r i a l s having narrow domain w a l l s . 
Trammel(31) was the f i r s t to point out that domain w a l l s 
i n such m a t e r i a l s could be very narrow and i n these circumstances 
29 
the normal treatment with s p i n d i r e c t i o n changing continuously 
through the domain w a l l i s no longer v a l i d ( s e c t i o n 2.2). 
Egami(22), Z i j l s t r a ( 3 2 ) and Barbara et a l ( 2 4 ) have shown 
that i n such m a t e r i a l s a f i n i t e energy i s req u i r e d to move 
the domain w a l l through such a m a t e r i a l , and t h i s would mani-
f e s t i t s e l f as a large " i n t r i n s i c c o e r c i v i t y " . 
F u r t h e r , Taylor et a l ( 2 5 ) have shown that c e r t a i n mater-
i a l s d i s p l a y a "magnetic a f t e r - e f f e c t " and have a t t r i b u t e d 
t h i s to the magnetisation process a s s o c i a t e d with the t h i n : 
w a l l s . 
A resume of the c l a s s i c a l continuum approach used for 
c a l c u l a t i n g the spi n c o n f i g u r a t i o n and energy of a Bloch w a l l 
i s given i n the next s e c t i o n ( f o r a review of t h i s approach, 
see K i t t e l ( 3 3 ) ) « I t i s followed by the treatment, due to Van 
den Broek and Z i j l s t r a ( 2 1 ) , for m a t e r i a l s with narrow domain 
w a l l s . 
2.2 CLASSICAL CONTINUUM APPROACH 
I f we assume the ferromagnetic m a t e r i a l to be composed of 
magnetic ions of one kind only, which are s t r i c t l y l o c a l i s e d , 
we may wri t e the exchange energy, e. ., between neighbouring 
^ 3 
ions ( i t i s f u r t h e r assumed that the exchange i s short r a n g e ) : -
e. . = £V(1 - cosA0. .) .... ( 1 ) 
Where £ i s the exchange constant, A 0 _ the angle between the 
i t h and j t h s p i n s , and V" i s the volume a v a i l a b l e per magnetic 
atom. 
I f the m a t e r i a l has u n i a x i a l symmetry, the anisotropy 
energy, e^, i s then ( t a k i n g only the Uowest order term):-
e ± = KV s i n 2 0 ( 2 ) 
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where 0± i s the angle between the s p i n and the reference a x i s , 
which i s taken to he the easy a x i s of magnetisation. 
The magnetic atoms are arranged i n rows perpendicular to 
the easy a x i s and i n planes perpendicular to the rows. A dom-
a i n w a l l , i n such a case, i s a c o n f i g u r a t i o n where the magnetic 
moments w i t h i n a plane are p a r a l l e l to each other but with an 
o r i e n t a t i o n that d i f f e r s from plane to plane. I t i s s u f f i c i e n t , 
therefore to d i s c u s s only a row of magnetisations (Figure 2.1) 
as the coupling i n a plane can be taken as a constant. 
I f we adopt the continuum approximation, i . e . , the angle 
between two neighbouring s p i n s i s assumed s m a l l , then 
A/25 = a g ( 3 ) 
where a i s the distance between neighbouring s p i n s . 
By i n t e g r a t i n g the anisotropy energy and exchange energy 
from x = -oo, J25 = 0 to x. = + oO, 0 =-tf ( f o r the 180° w a l l ) the 
energy of the w a l l E i s found to be 
w 
E. = &„/ 8EK w 
The angle between neighbouring moments at the centre oef 
the w a l l i s given by 
0 
I t i s apparent, t h e r e f o r e , that i f the value of K approaches 
that of E, then A 0 can assume large values and i n these cases 
the continuum approximation i s no longer v a l i d . 
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I 
FIG. 2.1 
Spiii c o n f i g u r a t i o n along row Qjf/spins, i n 180° domain w a l l , 
along Z d i r e c t i o n (from Z i j l s t r a ( 2 1 ) ) . 
Easy a x i s 
FIG. 2.2 
Domain w a l l model c o n s i s t i n g of centre part with d i s c r e t e s p i n s between 
two continuous zones (from Z i j l s t r a ( 2 1 ) ) . 
/ 
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2.2.1 Domain Wall Mass 
The e x i s t e n c e of t h i s parameter was f i r s t demonstrated by 
DB r i n g ( 3 ^ ) • He showed t h a t , to a reasonable approximation, the 
re 
moving domain w a l l d i f f e r e d i n energy from the w a l l a t r e s t by 
a term due to demagnetising e f f e c t s which are pr o p o r t i o n a l to 
2 
the square of the v e l o c i t y of the w a l l , i . e . , v . He was 
therefore able to i d e n t i f y t h i s as a k i n e t i c energy term, and 
he defined the constant of p r o p o r t i o n a l i t y as one h a l f the mass 
of the w a l l . 
The demagnetising f i e l d , Hp, i s a r e s u l t of the s p i n s i n 
the w a l l with angles other than 0° o r 180° to the domain w a l l 
p r e c e s s i n g about the applied f i e l d , g i v i n g a component of 
magnetisation normal to the w a l l . 
K i t t e l and G a i t ( 3 5 ) have shown that the e f f e c t i v e mass 
per square centimeter of a Bloch w a l l i s given by:-
1 m 
w 
where S w i s the w a l l energy d e n s i t y . 
Therefore the e f f e c t i v e mass of a Bloch w a l l i s i n v e r s e l y 
p r o p o r t i o n a l to i t s t h i c k n e s s . As a r e s u l t , the e f f e c t i v e 
mass for the Bloch w a l l s i n the m a t e r i a l s under c o n s i d e r a t i o n 
w i l l be a p p r e c i a b l e . 
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2.3 INTRINSIC WALL PINNING 
Van den Broek and Z i j l s t r a ( 2 1 ) considered the d i s c r e t e 
nature of the magnetic moments i n m a t e r i a l s with a large K/E 
r a t i o , by assuming the w a l l to be composed of three regions : 
a c e n t r a l region, where the s p i n s change appreciably from 
moment to moment, bounded by two continuous zones where there 
i s a s m a l l change (Figure 2.2). i n s p i n between neighbouring 
i o n s . 
Figure 2.3 shows two p o s s i b l e c o n f i g u r a t i o n s viewed per-
pendicular to the w a l l . In case (b) the c e n t r a l s p i n i s 
o r i e n t a t e d perpendicular to the easy d i r e c t i o n . As a r e s u l t 
the w a l l i n t h i s p o s i t i o n has a higher energy than when i t i s 
i n p o s i t i o n ( a ) , and ds therefore e n e r g e t i c a l l y unfavourable. 
As such c o n f i g u r a t i o n s occur p e r i o d i c a l l y through the c r y s t a l 
there w i l l be an inherent energy b a r r i e r to the movement of a 
w a l l , even through a p e r f e c t c r y s t a l . T h i s gives r i s e to the 
phenomenon known as " i n t r i n s i c w a l l , pinning" and w i l l r e s u l t 
i n the m a t e r i a l having an " i n t r i n s i c c o e r c i v i t y " . 
2.k ENERGY BARRIER TO DOMAIN WALL MOVEMENT IN PERFECT CRYSTALS 
In t h i s s e c t i o n the two c o n f i g u r a t i o n s of a 180° domain 
w a l l w i l l be considered} the f i r s t i s the e q u i l i b r i u m c o n f i g -
u r a t i o n i n the absence of a magnetic f i e l d (Figure 2 . 3 ( a ) ) , 
and the second i s the case i n which the c e n t r a l moment i s per-
pendicular to the easy d i r e c t i o n ( F i g u r e 2.3 ( b ) ) . The 
d i f f e r e n c e i n energy between these two configurations i s then 
the energy b a r r i e r to domain w a l l movement. 
The t o t a l energy of the w a l l E w i s determined by adding 
the energy of the two continuous zones to that of the d i s c r e t e 
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moment zone. 
The energy for the f i r s t continuous zone from x = -00, 
0 = 0, to x = x q , 0 = 0 q i s obtained from equations ( 1 ) , (2) 
and (3) using v a r i a t i o n a l c a l c u l u s , g i v i n g : -
E (0 ) = a Jim! (1 - cos0 ) w o " o 
For a w a l l with N d i s c r e t e moments i n between two con-
tinuous zones i n the range O<0<0^% and 0 q + 1-e0<T(j then, 
K 
w r i t i n g q = — , 
Ew = ^ [ ^ " ^ ( 2 - c o s 0 o + C O B % + ^ + I ( s i n 2^o + s i n 2^N+..1 5 
N , 
+ 2 ( £ q s i n 2 0 ± + 1 - cosOZ^ - ^ ± _ 1 )J 
+ { l - c o s W N + 1 -0^)})] ....Ik) 
To f i n d the most s t a b l e c o n f i g u r a t i o n , given the 
boundary conditions, the t o t a l energy of the w a l l must be 
minimised, g i v i n g the equations:-
E 
s l r = s i n 0 o + 1 s i n 2 0 o - s i n < W = 0 •••• <5> 
o 
1 3~w 
a E 9 | T = q sin20 + s i n ( 0 - 0 ) - s i n ( 0 . . - 0. ) = 0 .... (6 ) 
mim JL I X T I aJL 
( i = 1, 2, 3 ... N) 
n+1 
= 0 ( 7 ) 
By using a t r i a l value of 0q i n equation ( 1 ) , a value 0^ 
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can be found which, with equation ( 2 ) , y i e l d s 02, 0J> • •• 0n+1• 
When the values 0m 0n+.1 s a t i s f y equation (3) i t shows the 
i n i t i a l value of 0O to be c o r r e c t , otherwise another value of 
0O must be t r i e d i n a s i m i l a r manner. 
In c o n t r a s t to the p r e v i o u s l y o u t l i n e d continuum approxi-
mation, the above c a l c u l a t i o n s lead to the conclusion that the 
angle between c e n t r a l moments tends to 180° for q •§-. This 
w a l l has been c a l l e d a f e r r o - e l e c t r i c w a l l by analogy. 
The i n c r e a s e i n energy of such a w a l l when the c e n t r a l mom-
ent i s perpendicular to the easy d i r e c t i o n i s shown i n Figure 
2.^, as a f u n c t i o n of q. I t i s t h i s p e r i o d i c energy b a r r i e r 
which must be overcome for the w a l l to move through the c r y s t a l , 
hence these c r y s t a l s have " i n t r i n s i c c o e r c i v i t y " . 
I f we t r y the assumption that the b a r r i e r has a s i n u s o i d a l 
form and that i t s height i s not i n f l u e n c e d by an a p p l i e d f i e l d , 
we can w r i t e : -
where Ms i s the s a t u r a t i o n magnetisation per u n i t volume. 
2.5 INTRINSIC. COERC.IVITY 
I f an e x t e r n a l magnetic f i e l d i s applied along the easy 
a x i s of a m a t e r i a l such as described above, the moment-angle 
d i s t r i b u t i o n i n the w a l l w i l l become asymmetric. 
I n c a l c u l a t i o n s of the energy of the w a l l , t h e r e f o r e , an 
'W E w o + sxn 
The c o e r c i v e force i s then:-
TT AE H 2aM s 2MS max 
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FIG. 2-4 
V a r i a t i o n of energy d i f f e r e n c e between c o n f i g u r a t i o n s 
of FIG 3 ( a ) and 3 ( b ) as a f u n c t i o n of K/C. Energy 
measured per u n i t volume (from Z i j l s t r a ( 2 1 ) ) . 
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e x t r a term e — H I V (1 - cos 0±) due to the magnetostatic 
energy per d i s c r e t e moment must be added to equation CO. I t 
can be shown that the energies of the continuous zones are now, 
apart from a magnetic term, independent of angles 
E w. = a E y q ^ ^ 0)2 
whereA0 i s the acute angle between the f i r s t (or l a s t ) d i s -
c r e t e moment and the easy a x i s , h =- H/HA, the reduced f i e l d 
2K 
s t r e n g t h , the anisotropy f i e l d HA = rr— . 
Ms 
However, t h i s m o d i f i c a t i o n hardly a f f e c t s the problem 
when a s u f f i c i e n t l y l a r g e number of the d i s c r e t e moments i s 
considered. The important m o d i f i c a t i o n i n equation (h) i s 
th a t an e x t r a term i s added, v i z . , 
aE ^ <j^2hq(l - cosj&i)^ + h q ^ 2 - cosJ0 o - C O S 0 n + t } 
The only new parameter i s that of h. Ash varie s , so does 
the w a l l c o n f i g u r a t i o n . However, when h reaches a c r i t i c a l 
v alue, no s o l u t i o n other than the t r i v i a l one i n which a l l 
s p i n o r i e n t a t i o n s are zero i s obtainable. P h y s i c a l l y , t h i s 
means there w i l l be no w a l l present i n the m a t e r i a l . I t i s , 
t h e r e f o r e , reasonable to i n t e r p r e t t h i s c r i t i c a l value of h 
as the i n t r i n s i c c o e r c i v i t y of the p e r f e c t c r y s t a l . 
Figure 2.3 shows the reduced c o e r c i v i t y as a f u n c t i o n of 
q. I t can be seen that h c —•* 1 ( h c =- HC/HA where H C i s the 
c o e r c i v e f o r c e ) as q • — i n t h i s case K — a n d becomes 
unimportant, and the i n d i v i d u a l moments are expected to r e v e r s e 
when the f i e l d a t t a i n s a value equal to HA, the anisotropy 
f i e l d . 
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CHAPTER THREE 
EXPERIMENTAL TECHNIQUES 
SPECIMEN PREPARATION 
The specimens used i n t h i s i n v e s t i g a t i o n were made by melt-
ing together s t o c h i o m e t r i c q u a n t i t i e s of t h e i r components i n an 
a r c furnace. 
The elemental metals were obtained from Koch-Light with 
s.tated p u r i t i e s of 3 N's and ^ N's for the r a r e e a r t h and t r a n -
s i t i o n metals r e s p e c t i v e l y . 
A f t e r weighing each component to w i t h i n an accuracy of 
±0.5 mgt they were placed near to each other on the water cooled 
copper hearth of an arc furnace. The furnace was then evacuated, 
to a pressure of the order aS 10~3 t o r r , and subsequently f i l l e d 
w i t h an atmosphere of Purargon (Argon with l e s s than 3 p.p.m. 
Oxygen). A f t e r re-evacuating, the chamber was again f i l l e d w i th 
Argon to a pressure of 300 t o r r . T h i s procedure was followed to 
reduce the amount of Oxygen i n the chamber^which would otherwise 
o x i d i s e the components on melting. T h i s amount was f u r t h e r r e d -
uced by melting a button of Tantalum (as a g e t t e r ) for h a l f a 
minute or so before the specimen melting. 
Having reduced the oxygen content, the components were melted 
together. The melt was performed at as loiv a temperature as pos-
s i b l e i n order to reduce l o s s due to evaporation. 
The r e s u l t i n g flat-bottomed button was reversed and r e -
melted s e v e r a l times to ensure complete homogeneity. 
To anneal the specimens they were wrapped i n Tantalum f o i l 
and placed at i n t e r v a l s along a quartz tube. The q u a r t z tube 
*f1 
was pumped out and flushed with Argon. A f t e r re-evacuating to 
a pressure of about 10~3 t o r r , the quartz tube was melted i n 
between the specimens i n order to i s o l a t e them. The specimens 
were then annealed i n a furnace f o r three days a t approximately 
600°K, see Figure 3.1. 
Using an 11 cm Debye-Sherrer X-ray powder camera, the absence 
of secondary phases was e s t a b l i s h e d , and values f or the l a t t i c e 
parameter were obtained (Table 3A). 
3.2 PULSE MAGNET 
3.2.1 P r i n c i p l e 
The p r i n c i p l e of operation f o r a pulse magnet i s that a high 
voltage i s discharged from a c a p a c i t o r bank, G, through the mag-
net c o i l which forms the indu c t i v e part of an LCR c i r c u i t (the 
r e s i s t i v e p a r t , R, i s due to the r e s i s t a n c e of the c o i l winding 
and l e a d s ) . 
Using this arrangement high f i e l d s up to 500 KOe ( 1 6 0 KOe 
f o r the pulse magnet used i n t h i s experiment) may be obtained f or 
short pulse lengths of the order of a few m i l l i s e c o n d s . The 
f i e l d i s o s c i l l a t o r y with a decaying amplitude, c h a r a c t e r i s t i c of 
such c i r c u i t s . 
The magnetic f i e l d s t r e n g t h and the r e s u l t a n t magnetisation 
of the specimen are measured by i n t e g r a t i n g the outputs of two 
pick-up c o i l s wound round the specimen on a quartz tube which 
f i t s c o - a x i a l l y i n s i d e the core of the magnet. To remove any 
s i g n a l i n the magnetisation c o i l s due to the changing magnetic 
f i e l d , a f r a c t i o n of the output from the field-measuring c o i l I s 
Composition 
L a t t i c e Spacing 
JL 
Dy Co 2 7.175 
D * C o 1 . 5 N i 0 . 5 7.180 
Dy Co Ni 7.17^ 
D * C o 0 . 5 M 1 . 5 7.165 
Dy N i 2 7.1^9 
TABLE 3. A 
Size of l a t t i c e spacing with composition 
42 / 
a> 
VI 
a> 
a> 
CO 
V i DO 
tu a> 
NQ_ i 
cd 
bo 
a> 6 
<4-l 
0) 
(0 
CO 
CO 
in 
cd 
0) 
subtracted from t h a t of the magnetisation c o i l s . . Also, any signals 
due t o noise, such as eddy currents i n the magnetic c o i l , are 
removed, or p a r t i a l l y removed, by adding a c o r r e c t i o n s i g n a l 
derived from a small c o i l r e f e r r e d t o as the Phase S h i f t C o i l . 
A f t e r i n t e g r a t i n g the r e s u l t a n t s i g nals from the magnetic 
f i e l d s t r e n g t h and magnetisation pick-up c o i l s , a hysteresis 
curve f o r the specimen i s obtained by d i s p l a y i n g both outputs on 
an o s c i l l o s c o p e . 
3.2.2 Production of F i e l d 
The high f i e l d s were produced by discharging a 2000 jiF 
c apacitor bank through a magnet made from a Beryllium-Copper 
a l l o y . The a l l o y ( 2 % Beryllium) was chosen f o r the magnet because, 
although i t s e l e c t r i c a l c o n d u c t i v i t y i s not as great as pure 
Copper, i t has the much higher t e n s i l e s t r e n g t h needed t o w i t h -
stand the large forces r e s u l t i n g from the high magnetic fieIds ( 3 6 ) . 
A. h e l i x of ten turns per inch ( t o t a l of 36 t u r n s ) was 
machined from a s o l i d c y l i n d e r (57 mm i n diameter) of the a l l o y , 
by machining a thread ( w i d t h 1.27 mm) to a depth of 15 mm, l e a v i n g 
a core of 26 mm diameter. The threaded c y l i n d e r was potted i n 
a r a l d i t e . A f t e r a l l o w i n g the a r a l d i t e t o harden, the one-inch 
core was d r i l l e d out, l e a v i n g a h e l i x supported i n a r a l d i t e . 
The h e l i x was then freed by burning o f f the a r a l d i t e . 
Two brass leads were hard soldered t o each end of the h e l i x . 
A one-inch diameter s t e e l mandril was made w i t h screw threads at 
each end. This was greased and in s e r t e d i n t o the h e l i x . Nylon 
i n s u l a t i o n of thickness 0.5 mm was threaded between the tu r n s . 
Two c i r c u l a r , one-inch t h i c k t u f n o l end p l a t e s , each w i t h a 
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c e n t r a l hole of one i n c h , were placed a t e i t h e r end of the h e l i x 
such that the threaded ends of the mandril protruded. Two 
s t e e l nuts were threaded i n t o e i t h e r end of the mandril and were 
used i n order to compress the n h e l i x t i g h t l y such th a t neigh-
bouring turns were separated only by the i n s u l a t i o n . This i s 
to reduce the a x i a l rebound caused by the high magnetic f i e l d . . 
The h e l i x was wound on the outside w i t h glass f i b r e impregnated 
w i t h a r a l d i t e i n order t o give the e x t r a s t r e n g t h needed against 
the r a d i a l f o r c e s . 
The magnet was secured from above so t h a t the ax i s (z a x i s ) 
of the magnet was v e r t i c a l (Figure 3.2). This f a c i l i t a t e s the 
immersion of the magnet i n t o a l i q u i d n i t r o g e n bath which red-
uces the resistance of the magnet winding. 
The maximum voltage obtainable from the power supply ( f i g u r e 
3.4) i s 2 KV, g i v i n g a maximum stored energy of 4KJ ( t h i s i s 
also l i m i t e d by the maximum capacitor v o l t a g e ) . This large 
energy i s discharged through the magnet by means of a mechan-
i c a l switch comprised of two Molybdenum p i s t e s . The switch i s 
opened and closed by means of a DC solenoid whose core i s 
mechanically connected to one of the p l a t e s . 
The v a r i a t i o n of the f i e l d w i t h time may be found theor-
e t i c a l l y by s o l v i n g the d i f f e r e n t i a l equation f o r the current 
f l o w i n g through LCR c i r c u i t . (For a general form of the 
equation f o r the magnetic f i e l d see Appendix c ) . The r e s u l t 
i s as f o l l o w s : -
I = Io e s i n wt 
v. -\ s j 2 1 R2 where A. = — and w = — - — r 
2L LC k L 2 
The magnetic f i e l d i s there f o r e given by1:-
H(z,t) = Ho(z) e s i n wt 
where z i s the l o n g i t u d i n a l axis of the magnet (Figure 3.2). 
The f i e l d t herefore has the form of a sine wave w i t h exponen-
t i a l l y decaying amplitude (Figure 3.3)• The period off the f i e l d 
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found t o be 1.25 m i l l i s e c o n d s , and the maximum obtainable mag-
net i c f i e l d was 160 KOe. 
In p r a c t i c e , the magnetic f i e l d w i l l not have the i d e a l 
form described above. "A c e r t a i n amount of noise w i l l a r i s e 
due t o (a) Joule heating of the magnet, (b) eddy currents i n -
duced i n the magnet h e l i x , and (c) v a r i a t i o n i n current d i s -
t r i b u t i o n across the cross-section of the magnet t u r n s due t o 
the i n t e r a c t i o n of c o i l current w i t h f i e l d . 
I n order that these noise s i g n a l s may be minimised and 
kept constant, and theref o r e be allowed f o r , the magnet must 
be at the same temperature at the beginning of each pulse. 
I t i s only then t h a t the Joule heating i s constant f o r pulses 
of equal magnitude. An i n t e r v a l of two minutes was found nec-
essary between large pulses t o r e t u r n the magnet t o i t s f o r -
mer temperature, i . e . , t h a t of l i q u i d n i t r o g e n . For smaller 
pulses, the r e p e t i t i o n r a t e i s correspondingly higher. 
3.2.3 Measuring Systems 
The specimen i s held i n a perspex holder (Figure 3.5) 
which i s a t i g h t f i t on a s t a i n l e s s s t e e l tube. The specimen 
may be e i t h e r i n bulk or powder form. 
To measure the magnetisation of a specimen f o r a par-
t i c u l a r magnetic f i e l d , various pick-up c o i l s were em-
ployed (Figure 3.6). The fun c t i o n s of these c o i l s are des-
cribed- below. 
A l l c o i l s were wound using kk 3WG i n s u l a t e d copper 
w i r e , on a quartz tube which f i t s i n t o the core of the mag-
net and i s c o - a x i a l w i t h i t . The c o i l s are wound on the 
part of the quartz tube which i s i n the maximum f i e l d p o s i t i o n . 
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Pick-up c o i l assembly used for measuring the magnetisation 
of a specimen i n a measured applied f i e l d . 
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The l e n g t h of the s t a i n l e s s s t e e l tube i s such t h a t the 
specimen i s held i n the middle of the pick-up. c o i l assembly. 
Minor adjustments to the p o s i t i o n of the specimen could then 
be made using the height adjuster shown i n Figure 3*7* 
As the signals from the pick-up c o i l s are p r o p o r t i o n a l t o 
the r a te of change of magnetisation or f i e l d (depending on the 
c o i l i n q u e s t i o n ) , they have to be i n t e g r a t e d t o y i e l d the mag-
n e t i s a t i o n or f i e l d d i r e c t l y . The c i r c u i t used f o r t h i s purpose 
i s shown i n Figure 3*8, and i t s operation i s o u t l i n e d below. 
F i e l d Measurement 
The c o i l used f o r measuring the f i e l d experienced by the spe-
cimen consists of t h i r t y t u r n s . As the f i e l d i s a f u n c t i o n of 
the distance along the Z axis of the magnet as w e l l as time, as 
o u t l i n e d p r e v i o u s l y , the output from^a s i n g l e c o i l w i l l vary w i t h 
the c o i l ' s p o s i t i o n . To remove t h i s dependence on p o s i t i o n , the 
c o i l i s wound i n two halves - one below and one above the plane of 
symmetry f o r the magnet (Figure 3»6). I f the v e r t i c a l p o s i t i o n of 
the c o i l i s now changed, the increase i n the s i g n a l from one c o i l 
w i l l then be counterbalanced by the decrease i n the other c o i l . 
The output from the two c o i l s i s i n t e g r a t e d by means of an 
e l e c t r o n i c i n t e g r a t o r (Figure 3.9) • The 10M.A. r e s i s t o r i n com-
b i n a t i o n w i t h the O.OIjiF capacitor r e s u l t s i n a charge leakage 
w i t h a time constant of the order of 100m sees and i s t h e r e f o r e 
s u f f i c i e n t l y large not to d i s t o r t the s i g n a l during the pulse 
pe r i o d . 
Magnetisation Measurement 
To measure the magnetisation of a specimen, the output from 
a c o i l w i t h a t o t a l of 140 turns i s i n t e g r a t e d using an e l e c t r o n i c 
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i n t e g r a t o r i d e n t i c a l t o t h a t shown i n Figure 3.9. The theory of 
t h i s measurement of magnetisation i s reviewed i n Appendix A. 
To remove the dependence on the change of f l u x through the 
c o i l not l i n k e d w i t h the specimen, i . e . , dH/dt, the magnetisa-
t i o n c o i l i s d i v i d e d i n t o three s e c t i o n s . 
With the specimen s i t u a t e d i n the middle of the c e n t r a l sec-
t i o n of the p i c k up c o i l , the s i g n a l from t h i s s e c t i o n i s propor-
t i o n a l t o dM/dt + dH/dt. This s e c t i o n of the c o i l consists of 
70 turns and i s s u f f i c i e n t l y long (8 mm) for the M s i g n a l not to 
be too s e n s i t i v e to the v e r t i c a l p o s i t i o n of the specimen. 
The two outer sections each contain 35 turns and are counter-
wound t o the middle s e c t i o n . They are s i t u a t e d symmetrically 
about the middle s e c t i o n (see Figure 3*6) i n order t o remove 
the dependence of t h e i r output t o the v e r t i c a l p o s i t i o n r e l a t i v e 
t o the f i e l d . As these two sections are s i t u a t e d away from the 
specimen, they are r e l a t i v e l y unaffected by i t s change of magnet-
i s a t i o n , i . e . , dM/dt, and t h e i r output i s p r o p o r t i o n a l to 
—£ dH/dt (minus s i g n as they are counterwound to the middle sec-
t i o n ) . The t o t a l s i g n a l from a l l three sections should therefore 
be only dependent upon the rate of change of magnetisation of the 
specimen. The s i g n a l due to dH/dt i s not completely removed, 
however, since the two outer c o i l s are i n a lower f i e l d r e g ion 
than the c e n t r a l s e c t i o n . The f i n a l balancing i s achieved by 
tapping o f f a small s i g n a l from the f i e l d measurementcoil using 
the potentiometer, P1, as shown i n Figure 3.8 which gives the 
e n t i r e c i r c u i t f o r the magnetisation and f i e l d s t r e n g t h d e t e c t i o n 
system. 
The s i g n a l from the potentiometer i s applied i n opposition 
t o the s i g n a l from the M c o i l to balance out any r e s i d u a l s i g n a l 
due t o dH/dt. 
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I d e a l l y , w i t h no specimen, a h o r i z o n t a l l i n e f o r the M 
against H di s p l a y should be obtained on the oscilloscope f o r 
the blanced system. As a r e s u l t of eddy currents though, the 
display was found t o have the form of an e l l i p s e . This com-
ponent i s eliminated by adding a s i g n a l of equal and opposite 
magnitude and equal pahse u n t i l a s t r a i g h t l i n e i s obtained. 
The c o r r e c t i o n s i g n a l i s derived from a c o i l r e f e r r e d to as 
the Phase S h i f t c o i l (Figure 3 . 6 ) . 
The Phase S h i f t c o i l i s d i v i d e d i n t o two se c t i o n s , each of 
eight t u r n s . The output s i g n a l from the c o i l i s applied t o a 
phase s h i f t c i r c u i t (Figure 3*8) c o n s i s t i n g of a r e s i s t o r , R, 
and c a p a c i t o r , C, i n s e r i e s . As RCw<1, where w i s the angular 
frequency of the s i g n a l , the c i r c u i t acts as a d i f f e r e n t i a t o r . 
Varying R, by means of potentiometer, P2, the required phase 
s h i f t can be obtained. The amplitude o f the s i g n a l can then 
be adjusted by means of potentiometer, P3. The s i g n a l i s then 
added t o the t o t a l s i g n a l from the M c o i l to minimise the noise. 
To c o r r e c t f o r the e f f e c t s of r e s i d u a l noise, oscillograms 
of the M vs H dis p l a y w i t h and without specimen are photo-
graphed f o r the same value of capacitor charge, i . e . , same 
value of applied f i e l d . The photographs are then projected 
and traced on t o graph paper and subtracted from each other. 
The p r o j e c t i o n of tha photographs also allows f o r the o s c i l l o -
grams t o be magnified, and theref o r e improves the accuracy of 
measuring the parameters of c r i t i c a l f i e l d , e t c . 
Centring Coils 
To obtain the maximum s i g n a l from the magnetisation c o i l , 
the specimen must be s i t u a t e d a t the centre of the middle sec-
t i o n . The p o s i t i o n cT;the specimen i s va r i e d by means of the heigh; 
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adjuster shown i n Figure 3.7. 
Rather than move the specimen up and down in s i d e the c o i l 
assembly u n t i l the maximum magnetisation s i g n a l i s obtained, two 
ce n t r i n g c o i l s are incorporated i n t o the system t o f a c i l i t a t e 
the p o s i t i o n i n g of the specimen. 
The two c o i l s each consist of 15 t u r n s . They are wound i n 
opposition on top of the c e n t r a l s e c t i o n of the magnetisation 
c o i l , symmetrically above and below i t s mean p o s i t i o n (Figure 
3 . 6 ) . 
When c e n t r i n g the specimen, the moment i n t e g r a t o r c i r c u i t 
i s switched from the moment c o i l s to the c e n t r i n g c o i l s i n order 
to i n t e g r a t e t h e i r output. A h o r i z o n t a l l i n e i s obtained on the 
oscilloscope i f the specimen i s midway between the c e n t r i n g 
c o i l s . Otherwise a hyster e s i s loop i s obtained which w i l l r e -
verse as the specimen passes through the mean p o s i t i o n . 
C a l i b r a t i o n of Signals 
H-Signal 
A powder specimen of ZnCr_>Se^ i s used t o c a l i b r a t e the H 
s i g n a l . This compound i s chosen because i t has a w e l l defined 
c r i t i c a l value of f i e l d , 6A- KOe, a t which the magnetisation 
saturates. 
From the magnetisation versus f i e l d t r a c e , the s e n s i t i v i t y 
of the f i e l d measurement was found to be 3^ - 1.3 KOe/cm on the 
(x 1,200 KOe) s e t t i n g (see Figure 3 . 8 ) . 
M-Signal 
By using a specimen of i r o n , whose s a t u r a t i o n magnetisation 
i s w e l l known (3-7)i i t i s possible t o c a l i b r a t e the M s i g n a l . 
To reduce the e f f e c t s of eddy currents i n the i r o n , powdered 
specimens were used. 
To i n v e s t i g a t e the dependence o f the M s i g n a l upon the size 
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of the specimen, three c y l i n d r i c a l samples, each c o n t a i n i n g d i f -
f e r e n t masses of powdered i r o n , were made. Each had d i f f e r e n t 
l eng th t o diameter r a t i o s ( the diameter being the diameter of the 
in s ide c a v i t y of the specimen h o l d e r ) . 
A t race of M agains t H was taken f o r each specimen and the 
s i g n a l corresponding t o the s a t u r a t i o n moments eva lua ted . The 
vol tage corresponding to the s a t u r a t i o n moment was then p l o t t e d 
against the mass of the specimen (Figure 3*10). Figure 3.10 shows 
t h a t the s i g n a l i s d i r e c t l y p r o p o r t i o n a l to the mass of the 
specimen and does n o t , t o f i r s t o rde r , depend upon i t s l e n g t h . 
The c a l i b r a t i o n f a c t o r was found t o be 0.0317, i . e . , the 
magnet isa t ion of a specimen i n Bohr magnetons i s g iven b y : -
M - 0*0317 x (M. Wt of Specimen) x (S igna l i n mv) 
(Mass o f Specimen i n mg) 
3 .2 .^ Temperature C o n t r o l and Measurement 
The Cryosta t 
The o r yos t a t (Figure 3.11) was designed f o r con t a in ing l i q u i d 
hel ium i n order to measure the magnetic p rope r t i e s of specimens 
f rom 4.2°K to room temperature. 
As the magnet i s operated w h i l s t immersed i n l i q u i d n i t r o g e n 
(Sect ion 3*2 .2) , i t i s not necessary f o r the upper n i t r o g e n dewar 
t o extend i n t o the core of the magnet (which would r equ i r e a 
l a r g e r diameter core and consequently lower f i e l d s t r e n g t h s ) . 
Ins tead , a hole i s machined out of the base of the upper n i t r o g e n 
dewar t o accommodate the t a i l of the hel ium dewar. This a l lows 
the t a i l t o protrude i n t o the core of the magnet. 
Both upper and lower l i q u i d n i t r o g e n dewars were machined out 
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of polyurethane foam. Leakage of l i q u i d n i t r ogen from the upper 
t o the lower l i q u i d n i t r o g e n dewar, round the outs ide of the 
l i q u i d hel ium t a i l , i s avoided by a p p l y i n g vacuum grease round 
the in s ide of the h o l e . At l i q u i d n i t r o g e n temperatures the 
grease f r o z e g i v i n g an e f f e c t i v e s e a l . 
Temperature Measurement 
Throughout the major pa r t of t h i s s tudy , temperatures are 
measured us ing a gold/copper : copper thermocouple. Both thermo-
couple wires are i n s u l a t e d w i t h PTFE s l e e v i n g , and the j u n c t i o n s 
are made i n a normal Bunsen f l a m e . 
The the rmoe lec t r i c e . m . f . ' s are measure us ing a Pye p o r t -
able potent iometer and Sealamp Galvanometer to detect the 
potent iometer balance p o i n t . The reference j u n c t i o n i s placed 
i n l i q u i d n i t r o g e n . The other sensing j u n c t i o n i s he ld as 
close t o the specimen as poss ib le i n order t o prevent "temper-
a ture l a g " . This i s achieved by th read ing bo th thermocouple 
wires down the s t a i n l e s s s t e e l tube and down the bore o f the 
specimen h o l d e r . 
A heater c o i l • i s incorpora ted i n t o the system t o f a c i l i -
t a t e measurements a t a se r ies of temperatures . The heater c o i l 
i s wound, n o n - i n d u c t i v e l y , f rom constantan w i r e , round a t u f -
n o l tube . The t u f n o l tube i s a t tached to a t u f n o l t r i p o d which 
r e s t s at the bottom of the l i q u i d hel ium dewar (Figure 3.11 )j 
thereby l o c a t i n g the heater c o i l round the p i ck -up c o i l 
assembly. The vol tage f o r the heater c o i l i s obtained f rom 
the 2.k v o l t supply by means of a po ten t iomete r . 
3.2 .5 Mechanical Considerat ions 
The dewar head i s supported by a s t e e l br idge (Figure 3 . 7 ) . 
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The brass he igh t a d j u s t e r i s at tached t o the top p l a t e o f the 
dewar. The f u n c t i o n of the height a d j u s t e r i s to vary the 
v e r t i c a l p o s i t i o n of the quartz tube h o l d i n g the p ick-up 
assembly. 
The lower end of the quartz tube i s conf ined to the ax i s 
of the magnet by the hole i n the t u f n o l t r i b p o d . The upper 
end o f the quar tz tube i s cemented i n t o the in s ide of a brass 
tube using a r a l d i t e . The upper end o f the s t a i n l e s s s t e e l tube 
ho ld ing the specimen i s seated on top o f the brass tube and 
sealed by an 0 - r i n g . The top of the s t a i n l e s s s t e e l tube i s 
threaded i n order t ha t the he ight o f the specimen may be ad-
jus ted by screwing or unscrewing the wing nut which s i t s on 
top of the brass tube (Figure 3 . 7 ) . I n order t o prevent a i r 
en t e r i ng the system on removing the s t a i n l e s s s t e e l tube t o 
change specimens, an excess pressure o f hel ium gas i s main-
ta ined i n the system. 
3.3 DETERMINATION OF ORDERING TEMPERATURES 
There i s a v a r i e t y o f methods used t o determine the o rder -
i n g temperature , known as the Curie Temperature, T , o f f e r r o -
c 
magnetic m a t e r i a l s . 
One such method uses the r e l a t i o n s h i p der ived thermo-
dynamical ly by Belov (38) . He showed t h a t , near the Curie 
temperature, 
M ,2 = M t2 H,T 0,T +M, H,T 
where a i s a cons tan t . The re fo re , i f a p l o t i s made of 4 . T 
against H/H H f o r d i f f e r e n t temperatures, then T i s tha t 
isotherm whose l i n e a r e x t r a p o l a t i o n passes through the o r i g i n , 
i . e . , M 0,T = 0. This i s a lengthy method, however, i n v o l v i n g 
the accumulat ion of much da ta . 
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A much s impler method uses the f a c t t h a t , f o r f i e l d s of 
the order of 10K0e, the spontaneous magnet i sa t ion , M„ m , i s , 
n , l 
t o w i t h i n 1%, equal t o the absolute spontaneous magnet i sa t ion , 
M n „, , a t temperatures not too near the Curie temperature. 
From the molecular f i e l d p r e d i c t i o n s by Weiss (39 ) i the 
r e l a t i o n s h i p 
M 0 , T oC ( T c - T.) 
2 
may then be used t o g ive T by e x t r a p o l a t i n g the M against 
c 
T curve on t o the temperature a x i s . 
Two methods of de te rmining T used i n t h i s study are 
c 
given below. 
3 .3»1 Pulsed F i e l d Magnetometer Method 
The pulsed f i e l d magnetometer described i n the previous 
s e c t i o n may be used t o determine the Curie temperature of a 
specimen. 
From osc i l lograms of magne t i sa t ion , M, agains t f i e l d f o r 
var ious f i e I d a , a p l o t i s made of M agains t T a t var ious 
temperatures. The i n t e r c e p t , T ( H ) , on the temperature ax i s 
c 
i s obtained f o r each c o n s t a n t - f i e l d curve and p l o t t e d against 
the f i e l d , H, From the r e s u l t i n g l i n e a r p l o t , T (0) i s ob-
c 
t a ined by e x t r a p o l a t i n g t o H = 0. 
A i i s somewhat l eng thy procedure was only adopted t o 
check someof the Curie temperatures obtained by the method 
descr ibed below which , a l though not as accurate as the above 
method, i s much qu i cke r . 
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3.3.2 A C S u s c e p t i b i l i t y Method 
I n t h i s method (^0), the specimen forms the core of a 
smal l t r ans former whose output i s then p r o p o r t i o n a l to the 
i n i t i a l p e r m e a b i l i t y o f the specimen. 
The specimen i n a powder form i s he ld i n a perspex holder 
which i s a t tached to a s t a i n l e s s s t e e l tube , " n o s c i l l a t o r 
i s used t o apply a 500 Hz s i n u s o i d a l vo l tage across the i n -
put o f the t r an s fo rmer , which induces an A C f i e l d a t the 
centre of the core of the order of an oers ted . To a l l ow f o r 
the. c o n t r i b u t i o n to the output of the pe rmeab i l i t y of f r e e 
space, a n u l l i n g t ransformer i s placed i n se r ies w i t h the 
t r an s fo rmer . By a d j u s t i n g the movable f e r r i t e core of the 
n u l l i n g t r an s fo rmer , the net output f r o m both t r ans fo rmers , 
w i t h no specimen, i s zeroed. The s i g n a l , w i t h a specimen i n 
the core o f the t r ans fo rmer , i s a m p l i f i e d and detected using 
a Phase Sens i t i ve De tec to r . This s i g n a l , which i s p r o p o r t i o n a l 
t o the i n i t i a l s u s c e p t i b i l i t y ^ C , of the specimen, i s app l i ed 
to the Y-input of an X-Y pen r eco rde r . The temperature of the 
specimen i s obtained us ing a gold/copper : copper thermo-
couple which i s threaded down the s t a i n l e s s s t e e l tube so t h a t 
the sensing j u n c t i o n may be he ld as near the specimen as pos? 
s i b l e t o avo id any temperature d i f f e r e n c e between specimen 
and j u n c t i o n . The output f rom the thermocouple i s app l i ed to 
the X- inpu t of the X-Y pen r eco rde r . 
For f e r r i m a g n e t i c m a t e r i a l s , as i s the case i n t h i s 
s tudy , the Curie temperature, T , i s not as p r e c i s e l y de f ined 
c 
i n the X. v T p l o t , as i s the Neel temperature f o r a n t i f e r r o -
magnetic m a t e r i a l s . This i s a r e s u l t of the dependence of ^ 
upon both the spontaneous magnet i sa t ion and the an i so t ropy of 
the specimen. Both these parameters decrease w i t h i nc r ea s ing 
63 
temperature i n the r e g i o n of T q . Whereas the decrease i n the 
spontaneous magnet isa t ion decreases^ , the decrease i n an iso-
t r o p y y i e l d s an increase inOc as they are i n v e r s e l y dependent. 
Since paramagnetic s u s c e p t i b i l i t y i s present above T , a smooth 
c 
v a r i a t i o n of • C w i t h T i s obtained on passing through T . T i s 
c c 
genera l ly accepted t o be the po in t of i n f l e c t i o n of the curve . 
I t was found tha t there was a c e r t a i n amount of hys te res i s 
i n the v T p l o t s which gave an e r r o r i n the value of T c o f 
+5°K. This i s thought t o be both dependent upon the thermal 
h i s t o r y o f the specimen and also on the sma l l temperature 
d i f f e r e n c e between specimen and surrounds. This method cannot 
be recommended f o r accurate measurement of T , but f o r the 
c ' 
v a r i a t i o n of w i t h composi t ion f o r a ser ies of compounds, 
as i s r equ i red here, the inaccuracy can be i g n o r e d . 
DETERMINATION OF MOLECULAR MOMENT 
Ignor ing p o l a r i s a t i o n e f f e c t s , f o r the molecular moment 
of a compound t o be determined f rom the absolute s a t u r a t i o n 
magnet i sa t ion , MQ Q , an i n f i n i t e magnetic f i e l d or absolute 
zero temperature i s r e q u i r e d . Never theless , an e m p i r i c a l 
r e la t ionsh ip (* f1 ) was found t o apply t o ferromagnets at low 
temperatures between 1 and 30 KOe:-
M H,T = M S,T ( 1 " I " ^ ^ C H 
where Mr, _ i s termed the s a t u r a t i o n magnet isa t ion at temper-
a b 
a t u r e , T, and a?b>>c are constants . The terms ^ and yjjj a r e 
incorpora ted t o account f o r domain and i m p e r f e c t i o n e f f e c t s . 
The f a c t o r cH i s r e l a t i v e l y smal l a t f i e l d s of 30K0e, but 
becomes s i g n i f i c a n t as the f i e l d increases . This term i s 
thought to a r i s e f rom a r e d i s t r i b u t i o n o f sp in s ta tes r e s u l t i n g i n 
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crease i n the domain magnet isa t ion above the spontaneous va lue , 
M 0 , T ' 
At f i e l d s of the order of 10 KOe and above, the sa tu ra -
t i o n magnet i sa t ion can be regarded as being equal t o M n „ . 
1 
The usual procedure i s t o ex t r apo la t e an M„ _ v = p l o t to 
n, 1 n 
^ = Q, i . e . , an i n f i n i t e app l i ed f i e l d . I n the present s tudy, 
however, the app l i ed f i e l d s are la rge enough and the Curie 
temperatures are h igh enough above 4.2°K t o enable the sa t -
u r a t i o n magnet isa t ion to be measured d i r e c t l y . 
From t h i s measurement, using the c a l i b r a t i o n f o r the M 
c o i l ( s e c t i o n 3*2.3),the molecular moment f o r the specimen 
i s ob ta ined . 
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CHAPTER FOUR 
EXPERIMENTAL RESULTS 
Specimens o f d i f f e r e n t composi t ion of the pseudo-binary 
s e r i e s , D y ( C o , N i ) 2 , were made i n an arc furnace and subse-
quent ly annealed i n a furnace f o r three days at 600°K (see 
Chapter 3 ) . 
4.1 THE SHAPE OF THE HYSTERESIS CURVE 
Oscil lograms of magnet isa t ion agains t f i e l d were taken for 
the var ious composit ions ( w i t h the specimen i n s o l i d form) a t 
l i q u i d hel ium temperatures us ing pulsed f i e l d s of the order of 
15 to 160 KOe. One such curve f o r DyCoNi i s shown i n Figure 4.1. 
I t has three s t r i k i n g f e a t u r e s : -
(a) the ^ i n i t i a l magnet isa t ion curve has a w e l l -
de f ined c r i t i c a l f i e l d , H , a t which the magne-
t i s a t i o n increases more r a p i d l y ; 
(b ) H i s such t ha t the i n i t i a l magnet isa t ion curve 
i s d i sp laced outs ide the subsequent hys te res i s 
loops ; 
and, ( c ) the c o e r c i v i t y of the m a t e r i a l i s not constant 
but decreases: f rom one h a l f cycle t o the nex t . 
From the drawings of f o u r osc i l lograms f o r DyCoNi at 4.2°K 
f o r d i f f e r e n t a p p l i e d f i e l d s , shown i n Figure 4.2, i t i s appar-
ent t h a t the c r i t i c a l f i e l d i s dependent upon the maximum app l i ed 
f i e l d . This dependence i s p l o t t e d i n Figure 4.3* Taylor et 
a l (25) a l so no t i ced the dependence of H upon the maximum f i e l d . 
c 
I t w i l l be shown i n Chapter 5i however, t h a t H i s a f u n c t i o n 
c 
o f the r a t e a t which the f i e l d i s app l i ed and not the maximum 
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f i e l d as i s i n f e r r e d i n Figures k.2. and A-.3. 
To at tempt to show tha t the shape o f the hys te res i s curve 
described above i s not due to eddy c u r r e n t s , powder specimens 
were made and s tud ied using the same techniques . No appreciable 
d i f f e r e n c e was observed i n the shape of the subsequent o s c i l l o -
grams or i n the values obtained f o r the c r i t i c a l f i e l d . 
The p o s s i b i l i t y o f the observed changes i n magnet isa t ion 
being a t t r i b u t e d to the hea t ing of the specimen was discounted 
by a c a l c u l a t i o n (see Appendix B) of the increase of specimen 
temperature i n app l i ed f i e l d s of the order of 100 KOe. A temp-
era ture r i s e of the order o f *6 °K was p r e d i c t e d . By moni to r ing 
the temperature of the specimen d i r e c t l y , us ing a Sola t ron d i g i -
t a l v o l t m e t e r , an increase i n temperature o f approximately 3°K 
was recorded f o r la rge app l i ed f i e l d s . These values o f tempera-
tu re r i s e are too s m a l l t o have any appreciable e f f e c t on the mag-
n e t i s a t i o n curve o f the specimen, which at k.2°K i s w e l l below 
the o rde r ing temperature. Fu r the r , one would expect a grea ter 
i n f l u e n c e on the shape of the f i n a l quadrant of the hys te res i s 
loop r a the r than the i n i t i a l quadrant, as i s observed, i f the 
e f f e c t were due to spurious heat ing of the specimen. Fur the r -
more, one would a lso expect the c r i t i c a l f i e l d t o decrease w i t h 
i nc reas ing a p p l i e d f i e l d r a t h e r than the observed increase . 
F i n a l l y , as these measurements are concerned p r i m a r i l y w i t h the 
i n i t i a l quadrant o f the curve , then the e f f e c t of specimen 
hea t ing may be neg lec ted . 
if .2 VARIATION OF CRITICAL FIELD dITH COMPOSITION 
For a constant maximum app l i ed f i e l d , osc i l lograms of the 
r e s u l t i n g magnet i sa t ion agains t f i e l d were taken f o r each com-
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p o s i t i o n a t 4.2°K. The r e s u l t a n t v a r i a t i o n of the c r i t i c a l 
f i e l d w i t h composi t ion i s p l o t t e d i n . Figure 4 .4 . The i n i t i a l 
increase of H a t the coba l t r i c h end of the s e r i e s , the broad c ' 
maximum and the subsequent decrease a t the n i c k e l r i c h end of 
the se r ies have been a t t r i b u t e d t o v a r i a t i o n s i n the degree o f 
p i n n i n g o f the narrow domain w a l l w i t h change of composi t ion . 
To demonstrate the a p p l i c a b i l i t y of the theory due t o 
Z i j l s t r a (see Chapter 2) measurements of the v a r i a t i o n of the 
r a t i o of an i so t ropy constant t o exchange constant are r e q u i r e d . 
To determine the v a r i a t i o n of exchange energy, measurements o f 
the o rde r ing temperature were taken f o r each compos i t ion . From 
Figure 4.5 i t i s apparent t h a t the exchange energy i n i t i a l l y 
decreases markedly as the n i c k e l concen t ra t ion i s increased, but 
then changes less apprec iab ly towards the n i c k e l r i c h end of 
the s e r i e s . 
From the s a t u r a t i o n value of magnet i sa t ion obtained f rom 
osc i l lograms f o r each composi t ion , the molecular moment i n 
Bohr magnetons was ca l cu l a t ed using the expression i n Chapter 3i 
s e c t i o n 3 . 2 . 3 . The r e s u l t i n g v a r i a t i o n w i t h composi t ion i s 
g iven i n Figure 4 .6 . 
To demonstrate the a p p l i c a b i l i t y of the narrow domain 
w a l l p inn ing theory f u r t h e r , the rare ea r th component of the 
in te rmedia te compound, DyCoNi, was g radua l ly replaced by 
Terbium. The r e s u l t i n g v a r i a t i o n of the c r i t i c a l f i e l d , a t 
constant temperature and app l i ed f i e l d , f o r the (Dy^ Tb x )CoHi 
s e r i e s i s shown i n Figure 4.7* 
4.3 TEMPERATURE DEPENDENCE. OF THE CRITICAL F.IEUD. 
I f , as proposed by Z i j l s t r a , the energy b a r r i e r to domain 
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w a l l motion (and hence H U s a f u n c t i o n o f the r a t i o of the 
c 
an iso t ropy t o exchange energies , then one would expect H to 
c 
be temperature dependent. Fu r the r , one would expect the c r i t i c a l 
f i e l d t o decrease as the an i so t ropy decreases w i t h i nc reas ing 
temperature, s ince the exchange energy i s almost independent 
of temperature. 
To i n v e s t i g a t e t h i s dependence of H upon temperature, 
c 
osc i l lograms of magnet isa t ion against f i e l d were taken f o r the 
in te rmedia te compound a t d i f f e r e n t temperatures f o r a constant 
app l i ed f i e l d . The specimen was f i r s t cooled t o k.2°K and then 
a l lowed t o warm up g r a d u a l l y . To enable q u i c k , d i r e c t measure-
ments of the temperature o f the specimen t o be made, a Sola t ron 
d i g i t a l vo l tme te r was used to measure the thermal e . m . f . i n 
preference to a po ten t iomete r . 
Four o f the i n i t i a l magnet isa t ion curves at d i f f e r e n t tem-
peratures f o r the same app l i ed f i e l d are dfrawn i n Figure 4 . 8 . 
Figure 4.8 shows tha t not only does H ' decrease w i t h inc reas ing 
c 
temperature as proposed above but a l so the magnet isa t ion growth 
w i t h app l i ed f i e l d below. H increases w i t h temperature, w h i l s t 
c 
the gradient o f the curve, a f t e r H c , decreases. 
This may be expla ined by cons ider ing the e f f e c t of the 
increase of thermal energy g iven to the s p i n s . The increase 
i n energy means t h a t the p r o b a b i l i t y tha t the w a l l can move 
f rom i t s p inn ing s i t e (see Chapter 5 ) i s enhanced. The mag-
n e t i s a t i o n at a g iven f i e l d t h e r e f o r e increases and, consequently, 
the magnet isa t ion a t the c r i t i c a l f i e l d i s more apprec iab le . 
As a r e s u l t , the specimen i s nearer s a t u r a t i o n at the c r i t i c a l 
f i e l d at higher temperatures. This means t h a t a f t e r the 
c r i t i c a l f i e l d the magnet isa t ion does not increase as much as. 
77 
i t d i d f o r the lower temperatures. This i s why the g rad ien t o f 
the l i n e s a f t e r the c r i t i c a l f i e l d decrease w i t h i n c r e a s i n g 
temperature. 
The measurements o f c r i t i c a l f i e l d at d i f f e r e n t tempera-
tu res were repeated f o r d i f f e r e n t maximum app l i ed f i e l d s , and 
the r e s u l t a n t v a r i a t i o n s are shown i n Figure 4.9 f o r DyCoNi. 
The f a c t t ha t the l i n e s are p a r a l l e l i n Figure 4.9 shows 
t h a t the r a t e at which H decreases w i t h i n c r e a s i n g tempera-
c 
t u r e i s independent of the r a t e a t which the magnetic f i e l d i s 
a p p l i e d . 
This i s f u r t h e r n o t i f i e d by the measurements performed upon 
another specimen i n the s e r i e s , Dy CoQ ^ Ni^ ^ , as shown i n 
Figure 4 .10. Furthermore, the r a t e a t which the c r i t i c a l f i e l d 
decreases w i t h temperature f o r Dy C O q ^ N i ^ ^ i s equal t o , 
w i t h i n exper imental e r r o r , t ha t f o r the in te rmedia te compound. 
This should be expected since the s ize o f the an iso t ropy de te r -
mines the s ize of the c r i t i c a l f i e l d ( n e g l e c t i n g the exchange 
energy as mentioned above) and, since the major c o n t r i b u t o r 
t o the an i so t ropy i s the coba l t i o n s , then the v a r i a t i o n of 
H f o r both compounds i s governed by the v a r i a t i o n o f the c 
an i so t ropy of the cobal t ions w i t h temperature i n both ins tances . 
4.4 RATE. OF CHANGE OF MAGNETISATION MEASUREMENTS 
To study f u r t h e r the mechanism by which the magnet isa t ion 
increases below the c r i t i c a l f i e l d i n the ma te r i a l s under con-
s i d e r a t i o n , p a r t i c u l a r a t t e n t i o n was given t o t ha t par t of the 
magnet isa t ion curve . From Figure 4.1 i t i s obvious tha t the 
g rad ien t i s very smal l i n t h i s r e g i o n . This makes i t d i f f i -
c u l t t o take accurate measurements of the magnet isa t ion or 
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magnet isa t ion r a t e ( r r = — x •?—) at these low f i e l d s . 
d t dni d t 
I t was found t o be much more accurate i f the magnet isa t ion 
r a t e was measured d i r e c t l y f rom the output of the magnetisa-
t i o n p ick-up c o i l . Figure 4.11 shows how the magnet isa t ion 
r a t e va r ies w i t h f i e l d . I n i t i a l l y the magnet isa t ion r a t e i s 
q u i t e s m a l l , but i t then increases t o a peak before decreasing 
t o zero a t s a t u r a t i o n . The peak corresponds t o the m o b i l i t y 
o f the w a l l a f t e r i t has enough energy t o overcome the energy 
b a r r i e r t o motion and can then move f r e e l y through the s p e c i -
men except f o r eddy current damping. The value of the f i e l d , 
H . , a t which the peak occurs i s not equal to the c r i t i c a l f i e l d , 
P 
H , but i s j u s t somewhat l a r g e r , as i s demonstrated i n Figure c 
4 . 1 2 . 
To check t h a t the magnet isa t ion r a t e measurements are a 
measure o f the domain w a l l m o b i l i t y a t d i f f e r e n t f i e l d s , the 
shape of the i n i t i a l magnet isa t ion r a t e curve f o r a g iven f i e l d 
was p l o t t e d i n Figure 4 .13* For the same specimen a t the same 
temperature, but f o r f i e l d s less than the one used t o p l o t the 
shape of the curve, the p o s i t i o n s and magnitudes o f the i n i t i a l 
magnet i sa t ion r a t e peaks f o r d i f f e r e n t f i e l d s were p l o t t e d on 
the same graph (see i n s e r t i n Figure 4 . 1 3 ) . To w i t h i n e x p e r i -
mental e r r o r , these po in t s l i e on the peak shape f o r the higher 
f i e l d , We can t h e r e f o r e conclude tha t the magnet isa t ion r a t e 
depends on ly upon the f i e l d at a constant temperature, i . e . , 
i n t e r a c t i o n between domain w a l l s can be i gno red . 
Becker(42) has shown tha t the magnet i sa t ion r e v e r s a l i n 
permalloy tape i s achieved by a near ly un i fo rm motion of the 
domain w a l l s r a t h e r than by a change o f dens i ty of w a l l s . I f 
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we asaume t h i s t o be the case i n t h i s se r ies of compounds, as 
seems l i k e l y f rom the preceding paragraph, then not only the 
peak height but a lso the peak shape i s a r ep re sen ta t ion of the 
f i e l d dependence of the domain w a l l m o b i l i t y . 
The v a r i a t i o n s of magnet isa t ion r a t e w i t h f i e l d f o r the 
specimen DyCoNi a t var ious temperatures i n the range 4 .2 t o 
20°K, f o r a constant maximum app l i ed f i e l d , were measured and 
are g iven i n Figure 4 . 1 4 . 
As the temperature o f the specimen i s increased, the 
i n i t i a l peak o f magnet isa t ion r a t e remains a t the same p o s i -
t i o n on the f i e l d a x i s , H , a t 10 KOe, bu t va r ies i n magni-
P 
tude , dl^/dt peak. With a f u r t h e r increase o f the temperature 
of the specimen, however, the peak begins t o decrease and 
occurs at lower f i e l d s . This v a r i a t i o n i s p l o t t e d i n Figure 
4-15 f o r the in termedia te compound. 
The v a r i a t i o n of the he igh t of the i n i t i a l peak of mag-
n e t i s a t i o n r a t e , dtV'dt peak, w i t h temperature f o r a constant 
maximum app l i ed f i e l d i s shown i n Figure 4.16 f o r DyCoNi. 
For a smal l temperature range, the peak remains constant but 
as the temperature increases f u r t h e r the peak decreases. 
This was expected a f t e r the r e s u l t s shown i n Figure 4 . 8 and 
a l so a f t e r n o t i c i n g t h a t the i n i t i a l g rad ien t of the magnet-
i s a t i o n curve remained constant f o r a sma l l temperature range 
i n the magnet isa t ion against f i e l d osc i l lograms taken w h i l s t 
s t udy ing the v a r i a t i o n of H w i t h temperature. 
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CHAPTER FIVE 
THEORY AND DISCUSSION 
5.1 APPLICATION OF NARROW DOMAIN WALL THEORY 
T a y l o r e t a{.(25) have proposed t h a t t h e c r i t i c a l f i e l d 
observed i n t h e s e r i e s D y ( C o , N i ) 2 may be e x p l a i n e d by assuming 
the domain w a l l s i n these m a t e r i a l s t o be na r row and i n t r i n -
s i c a l l y p i n n e d . The v a r i a t i o n o f t h e c r i t i c a l f i e l d , H , w i t h 
c 
c o m p o s i t i o n , as shown i n F i g u r e ^ K ^ , may t h e n be e x p l a i n e d by 
c o n s i d e r i n g t h e v a r i a t i o n o f the r a t e o f a n i s o t r o p y t o exchange 
e n e r g y , and t h e r e f o r e t h e degree o f p i n n i n g (see Chap te r 2) 
a c r o s s t h e s e r i e s . 
From t h e i n i t i a l r a p i d decrease i n o r d e r i n g t e m p e r a t u r e , 
and hence exchange e n e r g y , as the c o b a l t c o n t e n t i s dec rea sed , 
F i g u r e ^.5i t h e ne t r e s u l t w i l l be t o i n c r e a s e t h e K/E r a t i o . 
T h i s means, t h e r e f o r e , t h a t a l a r g e r f i e l d i s r e q u i r e d t o r e l -
ease t h e domain w a l l f r o m i t s p i n n i n g s i t e , i . e . , H i n c r e a s e s . 
c 
I f t h e c o b a l t c o n t e n t i s decreased f u r t h e r , however , t h e o r d e r -
i n g t e m p e r a t u r e changes l e s s a p p r e c i a b l y , b u t now t h e a n i s o t r o p y 
decrease due t o the r e d u c t i o n i n number o f h i g h l y a n i s o t r o p i c 
c o b a l t i o n s i s t h e m a j o r change , and t h e K/E r a t a o w i l l conse-
q u e n t l y d e c r e a s e . The c r i t i c a l f i e l d decreases t owards t h e 
n i c k e l r i c h end o f t h e s e r i e s , t h e r e f o r e , as shown i n F i g u r e 
A f u r t h e r r a t i f i c a t i o n o f t h e a p p l i c a b i l i t y o f t h e narrow 
domain w a l l p i n n i n g t h e o r y i s d e m o n s t r a t e d by e x p l a i n i n g t h e 
v a r i a t i o n o f t h e c r i t i c a l f i e l d f o r the s e r i e s ( D y ^ _ x T b x ) C o N i . 
Egami(22) has measured t h e i n t r i n s i c c o e r c i v i t y f o r b o t h 
89 
pure Dyspros ium and pure T e r b i u m . He f o u n d them t o be 1.1 KOe 
and 30 Oe a t ^ .2°K r e s p e c t i v e l y . T h i s means, t h e r e f o r e , t h a t 
t h e domain w a l l i s more s t r o n g l y p i n n e d i n Dyspros ium t h a n i t 
i s f o r T e r b i u m . One w o u l d t h e r e f o r e expec t a decrease i n 
c r i t i c a l f i e l d as the T e r b i u m c o n t e n t o f t h e above s e r i e s was 
i n c r e a s e d . Tha t t h i s i s f o u n d t o be t h e case , F i g u r e f u r -
t h e r s t r e n g t h e n s t h e v a l i d i t y o f t h e use o f t h e nar row domain 
w a l l p i n n i n g t h e o r y f o r t h e m a t e r i a l s c o n s i d e r e d i n t h i s s t u d y . 
5.2 THE SHAPE.OF THE I N I T I A L MAGNETISATION CURVE 
B e f o r e t h e processes g o v e r n i n g t h e m o b i l i t y o f t h e domain 
w a l l a t f i e l d s below the i n t r i n s i c c o e r c i v i t y a re c o n s i d e r e d , 
t h e shape o f t h e whole o f t h e I n i t i a l m a g n e t i s a t i o n c u r v e i n 
t h e f i r s t q u a d r a n t o f t h e h y s t e r e s i s l o o p i s d e s c r i b e d and 
a c c o u n t e d f o r . 
The shape o f t h e f a m i l y o f h y s t e r e s i s l o o p s shown i n 
F i g u r e k.2 can be u n d e r s t o o d i f one c o n s i d e r s t h e b e h a v i o u r o f 
t h e t ime-dependen t m a g n e t i s a t i o n i n t i m e v a r y i n g f i e l d s . The 
v a r i a t i o n o f t h e a p p l i e d magne t i c f i e l d i s g i v e n i n Append ix C. 
F o r p r e s e n t p u r p o s e s , however , where b o t h t h e spec imen and p i c k -
up c o i l assembly a re i n a f i x e d p o s i t i o n on t h e Z a x i s o f t h e 
magnet (see F i g u r e 3*2), we need o n l y c o n s i d e r t h e v a r i a t i o n o f 
t h e a p p l i e d f i e l d w i t h t i m e . T h i s may be expressed a s : -
H. = % s i n wt 
where % i s t h e f i r s t maximum f i e l d (as we a re o n l y concerned 
w i t h t h e i n i t i a l m a g n e t i s a t i o n c u r v e h e r e ) , w = 2 T f , where f 
i s t h e f r e q u e n c y o f t h e f i e l d , and t i s t h e t i m e a f t e r t h e 
s t a r t o f t h e d i s c h a r g e . 
I f we now c o n s i d e r t h e i n i t i a l m a g n e t i s a t i o n cu rve f o r t h e 
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s e r i e s , as r e p r e s e n t e d d i a g r a m a t i c a l l y i n F i g u r e 5.1» i t i s 
appa ren t t h a t i t i s p o s s i b l e t o d i v i d e t h e cu rve i n t o two 
s e p a r a t e r e g i o n s :.-
( a ) below H c , where the m a g n e t i s a t i o n i s i n c -
r e a s i n g s l o w l y w i t h t h e f i e l d and ^ n ^ r ^ ^ 
a n d , 
( b ) above H , where t h e m a g n e t i s a t i o n i s i n c -
c 
r e a s i n g much more r a p i d l y and i s such t h a t 
^ d M ^ dH 
d t d t * 
Between these two r e g i o n s , a t H =-TT » i » e . , t he 
m a g n e t i s a t i o n i s i n c r e a s i n g w i t h t i m e a t t h e same r a t e as t h e 
f i e l d . I f we use t h i s as a d e f i n i t i o n o f t h e c r i t i c a l f i e l d , 
i t becomes a p p a r e n t why t h e v a l u e s f o r H i n p u l s e d f i e l d s 
c 
a r e much l a r g e r t h a n those o b t a i n e d i n s t a t i c f i e l d s , s i n c e 
d H / d t i s much g r e a t e r , and c o n s e q u e n t l y a h i g h e r f i e l d i s 
needed b e f o r e t h e c o n d i t i o n ' P ' ^ T = T T i s s a t i s f i e d . 
d t d t 
T h i s i s a l s o t h e r ea son f o r the decrease i n c o e r c i v i t y 
i n these m a t e r i a l s as t h e f i e l d i s r e v e r s e d s i n c e , on c y c l i n g , 
t h e subsequent maximum decreases f r o m one h a l f c y c l e t o t h e 
n e x t . As a r e s u l t d H / d t w i l l decrease on c y c l i n g s i n c e : -
dH = H • w cos w t d t m 
i . e . , dH oc H i 
d t m 
T h e r e f o r e , H c i s no t a d i r e c t f u n c t i o n o f H f f l ( F i g u r e 4 .3) , 
b u t i s dependent upon t h e r a t e o f change o f f i e l d . 
The t i m e t a k e n , t , f o r t h e m a g n e t i s a t i o n r a t e t o i n c r e a s e 
c 
cLH 
t o t h e v a l u e o f t h e sweep r a t e , i . e . , — , a t H q a l s o v a r i e s 
w i t h c o m p o s i t i o n and w i t h t h e r a t e o f change o f f i e l d s i n c e : -
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H = H s i n w t c m c 
. 1 . -1 H c 
m 
1 H c 
- T T ~ " f o r H < H w H c m 
m 
Tab l e 5*1 shows t h e v a r i a t i o n o f t c f o r t h e c o m p o s i t i o n 
range a t / t . 2 °K f o r a f i x e d maximum f i e l d (and hence sweep 
r a t e ) . 
5.3 INCREASE I N MAGNETISATION BELOW H 
c 
Whether t h e m a g n e t i s a t i o n i n c r e a s e s be low the c r i t i c a l 
f i e l d depends upon P, t h e p r o b a b i l i t y t h a t t h e domain w a l l i s 
a b l e t o move a t these f i e l d s . The m a g n e t i s a t i o n o f a specimen 
a t t i m e , t , f o r t h e i n i t i a l p a r t o f t h e h y s t e r e s i s l o o p , i . e . , 
f r o m zero m a g n e t i s a t i o n t o s a t u r a t i o n , may be expressed a p p r o x -
i 
i m a t e l y a s : -
M ( t ) = MoPl - exp (-t/r>!3 
where M q i s t he e q u i l i b r i u m m a g n e t i s a t i o n a t t h e a p p l i e d f i e l d 
and t e m p e r a t u r e . For t h e l a r g e f i e l d s employed i n t h i s s t u d y 
M q may be r e p l a c e d by M g , t h e s a t u r a t i o n m a g n e t i s a t i o n . 
T i n t h e above e x p r e s s i o n i s a t i m e c o n s t a n t and i s i n -
v e r s e l y p r o p o r t i o n a l to. P. From t h e above e x p r e s s i o n i t i s 
c l e a r t h a t f o r t h i s r e g i o n we may w r i t e , t o a f i r s t o r d e r : -
dM ^ 1 
d t T 
d t °^ 
i . e . , t h e i n c r e a s e i n m a g n e t i s a t i o n i s d i r e c t l y r e l a t e d t o the 
p r o b a b i l i t y o f t h e domain w a l l moving one l a t t i c e s p a c i n g . 
C o m p o s i t i o n t ^ (msece) 
Dy C o 2 .049 
D * C o 1.75 N i 0 . 2 5 .092 
* C o 1 . 5 N i 0 . 5 .105 
Dy Co N i .110 
D * C o 0 . 5 M 1 .5 
.108 
Dy N i 2 .07^ 
TABLE 5.1 
V a r i a t i o n o f t ime t a k e n t o r e a c h t h e c r i t i c a l 
f i e l d w i t h c o m p o s i t i o n 
92. 
A 
T 3 T 5 
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The i n i t i a l i n c r e a s e i n m a g n e t i s a t i o n i n t h e h y s t e r e s i s 
l o o p s and t h e i n c r e a s e i n m a g n e t i s a t i o n r a t e b e f o r e t h e peak 
i s r eached ( a t w h i c h t h e w a l l has c o m p l e t e l y escaped i t s p i n -
n i n g s i t e ) mean t h a t F i s f i n i t e f o r these low v a l u e s o f f i e l d 
and t h a t t h e w a l l i s no t c o m p l e t e l y p i n n e d bu t i t s m o b i l i t y 
r e d u c e d . 
As men t ioned i n Chapte r 1 , t h e p r e s e n t p r o b l e m o f d e t e r -
m i n i n g t h e mechanism o f m a g n e t i s a t i o n g r o w t h below t h e c r i t i c a l 
f i e l d i s ana logous t o t h a t o f t h e escape o f d i s l o c a t i o n s f r o m 
s t a t e s bound by the P e i e r l ' s p o t e n t i a l . Gi lman(A -3) , G len(A-^) , 
Mott (*f5) a n d Weertmann(*t6) have c o n s i d e r e d t h i s p r o b l e m . They 
have f o u n d t h a t t h e p rocess g o v e r n i n g the c reep o f d i s l o c a t i o n s 
a t h i g h t e m p e r a t u r e s i s n o t n e c e s s a r i l y t h e same as t h e p r e -
dominant p rocess a t l o w e r t e m p e r a t u r e s . That i s , t h e t h e r m a l 
a c t i v a t i o n p rocess u s u a l l y used t o e x p l a i n the movement o f d i s -
l o c a t i o n s i s n o t a p p a r e n t a t low t e m p e r a t u r e s due t o t h e l a r g e r 
e f f e c t o f t h e d i s l o c a t i o n t u n n e l l i n g t h r o u g h the P e i e r l ' s 
p o t e n t i a l . 
The f a c t t h a t t h e m a g n e t i s a t i o n r a t e remains c o n s t a n t f o r 
a s m a l l f i n i t e t e m p e r a t u r e r a n g e , i . e . , i s t e m p e r a t u r e i n d e -
penden t , as i l l u s t r a t e d i n F i g u r e A-.16, sugges t s t h a t a com-
p a r i s o n between t h e p r e s e n t p rob l em and t h a t o f d i s l o c a t i o n s 
may be v i a b l e . 
Us ing t h i s a n a l o g y , £ g a m i ( 2 6 ) has deve loped a t h e o r y o f 
domain w a l l d i f f u s i o n a t low f i e l d s , i .*.e. , l e s s t h a n t h e 
c r i t i c a l f i e l d , i n t e rms o f t h e r m a l a c t i v a t i o n a t t h e h i g h e r 
t e m p e r a t u r e s and t u n n e l l i n g o f t h e w a l l t h r o u g h t h e p o t e n t i a l 
b a r r i e r a t low t e m p e r a t u r e s (near l i q u i d h e l i u m t e m p e r a t u r e ) . 
A l t h o u g h t h e domain w a l l i s n o t a p a r t i c l e i n t h e u s u a l 
9A 
sense , s i n c e the m o t i o n o f t h e w a l l does no t r e s u l t i n any 
t r a n s p o r t o f m a t t e r , t h e dynamics o f t h e w a l l c l o s e l y remerable 
those o f a p a r t i c l e w i t h f i n i t e mass. T h i s i s due t o t h e 
gy romagne t i c p r o p e r t y o f t h e s p i n s i n v o l v e d i n domain via 11 
m o t i o n (see s e c t i o n 2 .2 .1) . T h i s i s o m o r p h i s m can be ex tended 
t o p r e d i c t t he t u n n e l l i n g o f the domain w a l l t h r o u g h an energy 
b a r r i e r such as t h e one o b t a i n e d i n t h e m a t e r i a l s under c o n -
s i d e r a t i o n , as shown by Egami . 
Tay lo r (25 ) has a l s o proposed a model o f t h e r m a l a c t i v a t i o n 
t o e x p l a i n t h e observed i n c r e a s e i n m o b i l i t y o f t h e domain w a l l . 
The e x p r e s s i o n used by T a y l o r , however , i s no t i d e n t i c a l t o 
t h a t used by Egami . F u r t h e r , Barbara e t a l (2^) have a l s o p r o -
posed an e m p i r i c a l e x p r e s s i o n t o accoun t f o r t h e m a g n e t i s a t i o n 
r a t e i n c r e a s e i n DyCoNi f o l l o w i n g f r o m t h e a n a l o g y t h e y draw 
w i t h t h e movement o f domain w a l l s i n t h e f e r r o e l e c t r i c b a r i u m 
t i t a n a t e ( * f ? ) . 
These models a r e d e s c r i b e d f u r t h e r b e l o w , and t h e i r a p p l i -
c a b i l i t y i s t e s t e d u s i n g t h e r e s u l t s o b t a i n e d . 
5.4 TAYLOR'S MODEL 
5.4.1 The rma l A c t i v a t i o n 
Tay lo r (23 ) was t h e f i r s t t o n o t i c e t h e phenomenon o f mag-
n e t i c w a l l d i f f u s i o n below t h e c r i t i c a l f i e l d and t h e subsequent 
t imjs -dependen t m a g n e t i s a t i o n o f t h e spec imen , DyCoNi . T h i s 
phenomenon, mow r e f e r r e d t o as t h e magne t i c a f t e r e f f e c t , was 
e x p l a i n e d by T a y l o r as due t o t h e m a g n e t i c moments need ing . 
e n e r g y , w h i c h he c o n s i d e r e d may be d e r i v e d f r o m t h e a p p l i c a t i o n 
o f a magnet ic f i e l d o r f r o m t h e r m a l e x c i t a t i o n , t o i n c r e a s e 
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t h e domain w a l l m o b i l i t y . T h e r e f o r e , by c o n s i d e r i n g t h e e n e r -
g e t i c s o f the s i t u a t i o n , T a y l o r proposed t h a t t h e p r o b a b i l i t y 
t h a t t h e domain w a l l w i l l be a b l e t o move one l a t t i c e s p a c i n g , 
and hence t h e m a g n e t i s a t i o n r a t e r e s u l t i n g f r o m t h e w a l l 
m o t i o n (see s e c t i o n 5*3) w i l l be g i v e n by t h e e x p r e s s i o n : -
where A i s a c o n s t a n t o f p r o p o r t i o n a l i t y , K i s B o l t z m a n n ' s 
c o n s t a n t . 2MH i s the ene rgy g i v e n t o t h e m o l e c u l a r magnet ic 
moment due t o the a p p l i c a t i o n o f t h e f i e l d , and KT i s t h e 
t h e r m a l ene rgy o:f the s p i n . 
From e q u a t i o n 5*1t i t i s p o s s i b l e t o u n d e r s t a n d the i n i t i a l 
shape o f t h e h y s t e r e s i s c u r v e and i t s change w i t h t e m p e r a t u r e . 
I f , a t c o n s t a n t t e m p e r a t u r e , t h e a p p l i e d f i e l d i s such t h a t 
the energy o f t h e magne t ic s p i n s due t o the a p p l i c a t i o n o f 
t h e f i e l d i s l e s s t h a n t h e h e i g h t o f t h e energy b a r r i e r , A E , t o 
domain w a l l m o t i o n t h e n t h e i n e r t i a o f t h e w a l l w i l l be a p p r e -
c i a b l e . As a r e s u l t , t h e m a g n e t i s a t i o n w i l l not i n c r e a s e m a r k e d l y 
f o r s m a l l a p p l i e d f i e l d s . I n c r e a s i n g t h e f i e l d , h o w e v e r , w i l l 
a l s o i n c r e a s e t h e energy o f t h e s p i n s , and a t some p a r t i c u l a r 
f i e l d t h e s p i n s w i l l have enough energy t o surmount t h e 
ene rgy b a r r i e r . The domain w a l l w i l l t h e n be a b l e t o move 
t h r o u g h t h e specimen u n r e s t r i c t e d e x c e p t f o r eddy c u r r e n t 
damping u n t i l s a t u r a t i o n i s r e a c h e d . R e f e r r i n g t o F i g u r e 4.1 
i t i s c l e a r t h a t e q u a t i o n 5*1 can be used t o d e s c r i b e the 
v a r i a t i o n o f m a g n e t i s a t i o n w i t h f i e l d a t c o n s t a n t t e m p e r a t u r e . 
U s i n g t h i s mode l , i t i s a l s o p o s s i b l e t o accoun t f o r the 
obse rved changes i n t h e i n i t i a l m a g n e t i s a t i o n a g a i n s t f i e l d 
c u r v e w i t h t e m p e r a t u r e as o b t a i n e d i n F i g u r e 4.8. From 
P i (AE 2MH) A exp KT • • • • 
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e q u a t i o n 5»1 i t i s o b v i o u s t h a t as t h e t e m p e r a t u r e i s r a i s e d 
t h e p r o b a b i l i t y t h a t t h e w a l l w i l l move one l a t t i c e s p a c i n g , P, 
w i l l become l a r g e r . The m o b i l i t y o f t h e w a l l a t a f i x e d f i e l d 
w i l l t h e r e f o r e i n c r e a s e , r e s u l t i n g i n a s t e e p e r i n i t i a l g r a d i e n t 
o f the c u r v e , A S t h e w a l l becomes more m o b i l e , t h e c o n d i t i o n 
used t o d e f i n e t h e c r i t i c a l f i e l d , i . e . , t he f i e l d a t w h i c h 
t h e m a g n e t i s a t i o n r a t e i s e q u a l t o t h e r a t e o f change o f f i e l d 
(see s e c t i o n 5»2) , i s s a t i s f i e d a t s m a l l e r f i e l d s , and t h e r e -
f o r e H dec reases , F i g u r e k.S. 
c 
I t must be remembered, however , t h a t t h e energy b a r r i e r , 
A E , i s a l s o t e m p e r a t u r e dependent due t o i t s dependence upon 
t h e a n i s o t r o p y o f t h e m a t e r i a l . T h e r e f o r e , as t h e t e m p e r a t u r e 
i s r a i s e d , the r e d u c t i o n o f t h e energy b a r r i e r t o domain w a l l 
m o t i o n l eads t o an i n c r e a s e d m o b i l i t y o f the w a l l . I t i s t h e r e -
f o r e f o r these two reasons t o g e t h e r t h a t the i n i t i a l m a g n e t i s a -
t i o n curve changes as i t does w i t h t e m p e r a t u r e . 
The m a g n e t i s a t i o n r a t e i s d i r e c t l y p r o p o r t i o n a l t o t h e 
p r o b a b i l i t y o f t h e domain w a l l b e i n g a b l e t o move. T h e r e f o r e , 
f r o m t h e v a r i a t i o n o f t h e m a g n e t i s a t i o n r a t e w i t h b o t h t emper -
a t u r e and f i e l d , i t i s p o s s i b l e t o t e s t t h e v a l i d i t y o f T a y l o r ' s 
model d i r e c t l y . F i g u r e k.lk i s a p l o t o f m a g n e t i s a t i o n r a t e , 
dM 
— , a g a i n s t a p p l i e d f i e l d f o r DyCoNi a t v a r i o u s t e m p e r a t u r e s 
between k.2 and 20°K. To check the r e l a t i o n s h i p 5*1 d i r e c t l y , 
t h e m a g n e t i s a t i o n r a t e has been r e - p l o t t e d on a l o g a r i t h m i c 
s c a l e i n F i g u r e 5.2. I t i s i m m e d i a t e l y appa ren t t h a t t h e 
dM 
l o g a r i t h m o f t h e m a g n e t i s a t i o n r a t e , I n TJ^- , i s l i n e a r l y 
dependent upon t h e a p p l i e d f i e l d f o r t h e whole t e m p e r a t u r e 
range c o n s i d e r e d h e r e . 
Ano the r s t r i k i n g f e a t u r e o f F i g u r e 5^ 2 i s t h e g r a d u a l 
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decrease i n the g r a d i e n t o f t h e i s o t h e r m s as t h e t e m p e r a t u r e 
i s i n c r e a s e d . T h i s means t h a t an i n c r e a s e i n a p p l i e d f i e l d 
has a g r e a t e r e f f e c t upon t h e m a g n e t i s a t i o n r a t e a t l o w e r t e m -
p e r a t u r e s t h a n i t does a t t h e h i g h e r t e m p e r a t u r e s . 
T h i s m i g h t be e x p e c t e d k e e p i n g i n mind t h e a n a l o g y between 
t h e p r e s e n t s i t u a t i o n and t h a t o f bound d i s l o c a t i o n s as men t ioned 
i n the p r e v i o u s s e c t i o n . I f t h e two s i t u a t i o n s a r e a n a l o g o u s , 
t h e n i t w o u l d be expec ted t h a t t u n n e l l i n g w o u l d be t h e p r e d o m i -
nant p rocess a t t h e l o w e r t e m p e r a t u r e s and t h e r m a l a c t i v a t i o n 
t o c o n t r o l domain w a l l m o t i o n a t h i g h e r t e m p e r a t u r e s . 
T h e r e f o r e , as t h e t e m p e r a t u r e i s dec rea sed , one w o u l d 
expec t t h e i n c r e a s e i n t h e g r a d i e n t o f the l i n e s i n F i g u r e 5.2 
s i n c e t u n n e l l i n g i s a s t r o n g f u n c t i o n o f a p p l i e d f i e l d , as 
w i l l be shown s u b s e q u e n t l y . 
F u r t h e r ev idence i s o b t a i n e d f o r t h e s u p p o s i t i o n t h a t 
t h e r m a l a c t i v a t i o n g i v e s way t o t u n n e l l i n g a t t h e l o w e r t emp-
e r a t u r e s by p l o t t i n g t h e m a g n e t i s a t i o n r a t e , a g a i n on a l o g -
a r i t h m i c s c a l e , a g a i n s t t h e r e c i p r o c a l o f a b s o l u t e t e m p e r a t u r e , 
as i n F i g u r e 5«3» The marked d i s c o n t i n u i t y a t t h e t e m p e r a t u r e , 
T—'13°K, i n f e r s t h a t t h e p rocess g o v e r n i n g t h e change o f mag-
n e t i s a t i o n r a t e w i t h t e m p e r a t u r e i s d i f f e r e n t a t t e m p e r a t u r e s 
above 13° t h a n f o r those be low 13°K. 
A g a i n , d r a w i n g t h e a n a l o g y w i t h d i s l o c a t i o n s , one can 
assume t h a t t h e process i n v o l v e d f o r t e m p e r a t u r e s h i g h e r t h a n 
13°K i s t h e r m a l a c t i v i a t i o n . I n t h i s t e m p e r a t u r e r e g i o n t h e 
l i n e s appear p a r a l l e l , t o w i t h i n e x p e r i m e n t a l e r r o r . T h i s 
means t h a t the t e m p e r a t u r e changes t h e m a g n e t i s a t i o n r a t e a t 
t h e same r a t e independen t o f a p p l i e d f i e l d f o r t h e t h e r m a l 
a c t i v a t i o n p r o c e s s , as w o u l d be expec t ed f r o m e q u a t i o n 5.1• 
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Below 13 K i t i s no t so easy t o d e f i n e w h i c h p rocess o r 
p rocesses a re i n v o l v e d i n t h e change o f m a g n e t i s a t i o n r a t e . 
From F i g u r e 5.3 one can see t h a t , a l t h o u g h t h e i s o f i e l d s have 
a much s m a l l e r g r a d i e n t be low 13°K, andhence a re not so 
t empe ra tu r e -dependen t as b e f o r e , t h e y a re s t i l l t e m p e r a t u r e -
dependen t . The degree o f t h i s dependence remains t h e same 
down t o l i q u i d h e l i u m t e m p e r a t u r e s . For these low f i e l d s i t 
seems l i k e l y t h a t i n t h i s t e m p e r a t u r e r e g i o n t h e m a g n e t i s a t i o n 
r a t e i s governed by a m i x t u r e o f b o t h p roces se s , i . e . , t h e 
m a g n e t i s a t i o n r a t e may be t h o u g h t t o be governed by a 
" t h e r m a l l y a s s i s t e d t u n n e l l i n g " p r o c e s s . 
For t h e h i g h e r f i e l d s t r e n g t h i s o f i e l d s t h e dependence 
becomes l e s s marked as can be seen by t h e r e d u c t i o n i n g r a d i e n t 
i n F i g u r e 5»3 . T h i s t r e n d sugges t s t h a t , f o r h i g h enough f i e l d s , 
t h e m a g n e t i s a t i o n r a t e w i l l become t e m p e r a t u r e i n d e p e n d e n t . 
T h i s i s shown t o be so i n F i g u r e 4.16, w h i c h shows t h e v a r i -
a t i o n o f the peak o f m a g n e t i s a t i o n r a t e (see F i g u r e 4.11) 
w i t h i n c r e a s i n g t e m p e r a t u r e . I t i s o b v i o u s t h a t t h e peak mag-
n e t i s a t i o n r a t e , w h i c h occurs a t s l i g h t l y h i g h e r f i e l d s t h a n 
those c o n s i d e r e d i n F i g u r e 5»3i i s i ndependen t o f t e m p e r a t u r e 
f o r a s m a l l f i n i t e range o f low t e m p e r a t u r e s Cbetween 4 and 7°K 
a p p r o x i m a t e l y ) . 
5.4.2 D e t e r m i n a t i o n o f M o l e c u l a r Moment 
I f we assume t h a t e q u a t i o n 5.1 h o l d s f o r t e m p e r a t u r e s 
g r e a t e r t h a n 13°K, w h i c h seems l i k e l y f r o m the above a rgumen t s , 
t h e n i t s h o u l d be p o s s i b l e t o d e r i v e t h e m o l e c u l a r moment o f t h e 
i n t e r m e d i a t e compound u s i n g t h e r e s u l t s g i v e n i n F i g u r e 5.2. 
R e f e r r i n g t o e q u a t i o n 5.1» t h e g r a d i e n t s o f t h e i s o t h e r m s 
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i n F i g u r e 5 . 2 w i l l be g i v e n b y : -
dM . j ' - A E + 2MH2 
d t = A 6 X p I KT J 
, dM . , -AE 2MH 
* l n d t " l n A KT + K f 
a ( l n U t > )_, 2M 
3 H KT 
T h e r e f o r e , i f t h e g r a d i e n t o f t h e i s o t h e r m s are p l o t t e d a g a i n s t 
t h e r e c i p r o c a l o f t h e i r t e m p e r a t u r e , as shown i n F i g u r e 5»^» 
t h e n t h e m o l e c u l a r moment o f DyCoNi may be o b t a i n e d f r o m t h e 
g r a d i e n t , s i n c e : -
2M 
K 
As w o u l d be e x p e c t e d , t h e p o i n t s f o r t h e l o w e r t e m p e r a t u r e 
i s o t h e r m s d e v i a t e f r o m t h e s t r a i g h t l i n e p r e d i c t e d above . T h i s 
i s o b v i o u s l y a r e s u l t o f e q u a t i o n 5 . 1 no l o n g e r b e i n g a p p l i c -
a b l e t o t h e l o w e r t e m p e r a t u r e r e g i o n s . However, u s i n g t h e 
s t r a i g h t l i n e o b t a i n e d f o r t h e h i g h e r t e m p e r a t u r e i s o t h e r m s : -
Y =•• 1-^3 x 1 0 ~ 3 - O.k x 1 0 " 3 ( K 0 e " 1 . ° K ) 
- 21 
Nowj u s i n g 1 = 9 « 3 x 10 e r g / O e , t h e n , 
M 1.^3 x 1 0 ~ 3 x 1.6 x 1 0 ~ 1 6 M , _ M = — yMa / m o l 
2 x 9 « 3 x 10 x 
=- 1 2 . 3 - 3 . 0 / m o l ( 9 0CTI973 J 
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T h i s i s i n remarkably good agreement with the value of 
8^/^is/molecule derived from magnetisation against f i e l d o s c i l -
lograms (see Figure ^ . 6 ) . 
5.^.3 Tun n e l l i n g P r o b a b i l i t y 
Zener(A8) has i n v e s t i g a t e d the breakdown of s o l i d d i e l e c t r i c s . 
He has found that the t u n n e l l i n g r a t e for e l e c t r o n s i s propor-
t i o n a l to the exponential of the inverse of the e l e c t r i c f i e l d . 
Gilman(43) has used the r e s u l t s of Zener's theory and has shown 
that a r e l a t i o n s h i p between the creep of d i s l o c a t i o n s , bound 
by the P e i e r l ' s force, and the e x p o n e n t i a l of the i n v e r s e of 
the applied s t r e s s may be used to describe the i n c r e a s e of 
d i s l o a c t i o n creep at low temperatures. Furthermore, Barbara et 
al.02^) have studied the v a r i a t i o n of domain w a l l m o b i l i t y i n 
DyCoNi a t k.2°K with the exponential of the i n v e r s e of the 
r e c i p r o c a l f i e l d , f o l l owing the analogy they draw with the 
motion of domain w a l l s i n the f e r r o e l e c t r i c varium t i t a n a t e . 
The r e s u l t s obtained by Barbara et a l show that t h i s r e l -
a t i o n s h i p does hold f o r if.2°K. They have not repeated the 
experiment at d i f f e r e n t temperatures, however. In Figure 5*5 
the a p p l i c a b i l i t y of the above r e l a t i o n s h i p i s shown for d i f -
f e r e n t temperatures. From Figure 5«5 i t i s c l e a r t h a t , 
although the r e l a t i o n s h i p I n ^ «C fC^) does hold for the 
lower temperatures, i t can not be a p p l i e d to the higher temp-
era t u r e r e s u l t s . This, of course, i s to be expected, as t u n n e l -
l i n g i s only expected to predominate at low temperatures. 
Gilman(^3) has c a l c u l a t e d the t r a n s i t i o n temperature between 
the: thermal a c t i v a t i o n and t u n n e l l i n g processes governing the 
motion of d i s l o c a t i o n s bound by the P e i e r l ' s force by equating 
the two r a t e s of i n c r e a s e of creep f o r both processes. 
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He predicted t h a t , for temperatures below T^ the t r a n s -
i t i o n temperature, t u n n e l l i n g would predominate, where:-
5.2 
s being the l o c a l s t r e s s , and V the atomic volume. Therefore, 
by analogy, one would expect the t r a n s i t i o n temperature i n 
DyCowi to occur at 
m _ 2MH 
t ~ K 
Using ^ = 1.43 x 10"^ from Figure 5.5, and assuming 
an applied f i e l d of 10K0e, a value of 1if°R i s obtained. 
Although, as mentioned above, the t r a n s i t i o n at 13°K i n Figure 
5.3 i s not n e c e s s a r i l y the t r a n s i t i o n temperature, T^, i t 
n e v e r t h e l e s s suggests th a t the r e s u l t s are compatible with 
the theory* I t should a l s o be mentioned that the d i s c o n t i n -
u i t y i n Figure 5*3 seems, to f i r s t order, to be independent of 
a p p l i e d f i e l d . T h i s i s i n c o n f l i c t to equation 5*2 and f u r -
t h e r suggests that the d i s c o n t i n u i t y i s not between thermal 
a c t i v a t i o n and solely t u n n e l l i n g . 
5.5 EGAMI MODEL. 
5.5.1 Formation of Domain Kinks 
Egami(2?) has drawn the analogy between the present s i t u -
a t i o n and d i s l o c a t i o n s much more c l o s e l y than T a y l o r . He has 
suggested th a t the domain w a l l does not move i n i t s e n t i r e t y 
under the i n f l u e n c e of an applied magnetic f i e l d , but proceeds 
by displacement of s m a l l s e c t i o n s of the w a l l . Once such a 
d i s p l a c e d s e c t i o n i s formed, i t may spread across the whole 
area of the domain w a l l with very l i t t l e energy being ex-
pended, thereby r e s u l t i n g i n the whole domain w a l l being d i s -
placed. T h i s s i t u a t i o n i s analogous to the formation of kinks 
i n d i s l o c a t i o n s , and the d i s p l a c e d areas of the domain w a l l 
w i l l t herefore be r e f e r r e d to as k i n k s . 
Therefore, using the above argument as h i s b a s i s , Egami 
has developed a theory of n u c l e a t i o n and growth of kinks to 
p r e d i c t how the magnetisation and magnetisation r a t e of mat-
e r i a l s v/ith narrow domain w a l l s w i l l vary with an applied 
magnetic f i e l d a t va r i o u s temperatures. 
Egami has considered the case f or a pe r f e c t c r y s t a l , 
i . e . , no l a t t i c e d e f e c t s . Ue has shown t h a t kinks may be 
formed at any place along the domain w a l l - homogeneous nuc l e -
a t i o n , or at s p e c i f i c s i t e s such as at the su r f a c e of the 
c r y s t a l , at i n t e r s e c t i o n s of w a l l s , or at spike domains i n 
u n i a x i a l c r y s t a l s - t h i s s i t u a t i o n i s r e f e r r e d to as heterogen 
eous n u c l e a t i o n . However, due to the strong s t r a y f i e l d s at 
the s u r f a c e , s u r f a c e n u c l e a t i o n i s i n h i b i t e d unless the s t r a y 
f i e l d energy i s l e s s than the anisotropy energy. S i m i l a r s t r o 
s t r a y f i e l d s occur at the spike domains, and therefore 
n u c l e a t i o n w i l l not occur. The kink energy i s u n l i k e l y to 
be a f f e c t e d by i n t e r s e c t i n g domain w a l l s , and therefore f o l -
lowing these c o n s i d e r a t i o n s i t i s b e l i e v e d that homogeneous 
n u c l e a t i o n i s dominant i n the domain d i f f u s i o n p r o c e s s . 
The most l i k e l y shape for the nucleus i s that of a d i s c 
as shown s c h e m a t i c a l l y i n Figure 5.6. 
5.5.2 Thermal A c t i v a t i o n Model 
Considering the domain w a l l as a continuous sheet and 
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introducing the energy b a r r i e r , s i m i l a r to the P e i e r l ' s 
p o t e n t i a l , as a p o t e n t i a l dependent only upon the p o s i t i o n 
of the domain w a l l with r e s p e c t to the atomic s i t e s , Egami 
has shown that the a c t i v a t i o n energy f o r the homogeneous 
n u c l e a t i o n process i s p r o p o r t i o n a l to the r e c i p r o c a l of the 
a p p l i e d f i e l d . Using a micro-magnetic continuum approxima-
t i o n to describe the domain w a l l k i n k s , Egami has found that 
the a c t i v a t i o n energy, E^, f o r the homogeneous n u c l e a t i o n 
process should be given by:-
C 
u where G_,, — i s a function which approaches unity as H goes l h n c 
to zero and i s zero for H = H , n i s the domain w a l l width 
c 
i n terms of the l a t t i c e constant. 
The dependence of the n u c l e a t i o n a c t i v a t i o n energy 
upon the r e c i p r o c a l of the applied f i e l d may be understood 
simply i f one considers a disc-shaped nucleus of r a d i u s , r . 
The kink energy w i l l be given by 2irr E^, where E ^ denotes 
the kink energy per u n i t length. Therefore, i n an a p p l i e d 
magnetic f i e l d , H, the energy a s s o c i a t e d with the nucleus, 
E^, : i s given by:-
E. = 2ir r E, - 2tr r 2 MH n k 
where N i s the magnetisation per u n i t a r e a of the atomic 
2 
l a y e r , and hence the term 2vr MH i s the Zeeman energy term. 
E w i l l therefore be a maximum at E given by:-n c 
1.09 
dE n = 0 
dr 
0 = 2rr5 - iffl"rcMH 
2MH 5 A 
E 5.5 
2MH 
i . e . , E c cC C I ) 
Equation 5.S" i s i n agreement with equation 5.' i f one takes 
G^CH / H ) as u n i t y , i . e . , small f i e l d s , and uses:-
1 
E = it [ < § 7 2 J . 2 k a L n J 
as the kink energy where i s the height of the P e i e r l ' s 
p o t e n t i a l . 
Following t h i s treatment, Egami has predicted t h a t the 
domain w a l l m o b i l i t y w i l l be p r o p o r t i o n a l to the exponential 
of the i n v e r s e of the magnetic f i e l d , v i z : -
i t * E X * I T - i c T - T • Th ( r M • • • • 5 - 6 
This i s i n d i r e c t c o n t r a s t to the dependence upon the 
exponential of the a p p l i e d magnetic f i e l d as postulated by 
T a y l o r . I n f a c t , i t has the same form as the r e l a t i o n s h i p 
used by Ta y l o r f o r the low temperature, quantum mechanical 
cibovie, 
t u n n e l l i n g , s i t u a t i o n . R e f e r r i n g to Figure 5*5, the r e l a t i o n -
1110 
s h i p appears to hold for the low temperature isotherms but not 
fo r the higher temperature isotherms. T h i s i s i n d i r e c t con-
t r a s t to what one would expect of a thermal a c t i v a t i o n model. 
Figure 5.7 i s a plot of the magnetisation r a t e , again on a 
loga r i t h m i c s c a l e , against the r e c i p r o c a l of the applied mag-
n e t i c f i e l d m u l t i p l i e d by the absolute temperature of the 
specimen, i . e . , 1/HT, for temperatures below 13°K. 
For t h i s plot the l i n e a r r e l a t i o n i s obtained as expected 
following equation 5.6. For temperatures above 13°K, however, 
as i n Figure 5«8, the points l i e on a common s t r a i g h t l i n e , 
almost p a r a l l e l to those shown i n Figure 5.7» for high mag-
n e t i s a t i o n r a t e s . These d e v i a t i o n s may r e s u l t from the low 
magnetic f i e l d s employed s i n c e the ki n k w i l l contain magnetic 
f r e e d i p o l e s unless i t runs p a r a l l e l to the magnetisation i n 
both of the domains separated by the domain w a l l and kink. 
Therefore, the e f f e c t i v e f i e l d i n s i d e the nucleus w i l l be 
sm a l l e r than the applied f i e l d and may introduce e r r o r s a t 
low f i e l d measurements. Bearing t h i s i n mind, one might be 
able to consider the isotherms i n Figure 5«5 to be s t r a i g h t 
l i n e s a t higher f i e l d s which deviate a t lower f i e l d s . 
5.5.3 Tunnelling P r o b a b i l i t y 
Egami has considered the quantum mechanical t u n n e l l i n g 
of the domain w a l l through the b a r r i e r p o t e n t i a l a t low tem-
pe r a t u r e s . The ra t e at which the w a l l tunnels through the 
b a r r i e r i s st r o n g l y dependent upon the magnetic f i e l d . T h i s 
i s due to the reduction i n height of the b a r r i e r and a l s o the 
decrease i n width of the b a r r i e r caused by the a p p l i c a t i o n of 
a magnetic f i e l d . Figure 5*9 i s a schematic r e p r e s e n t a t i o n 
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of t h i s e f f e c t . 
The v a r i a t i o n of the p o t e n t i a l energy of the w a l l , V ( x ) , 
with i t s p o s i t i o n , x, i s then given by:-
V ( x ) = s i n 2 (TTX) - 2 g ^ s J H x 
2 
where s i n (TT X ) d e s c r i b e s the change i n b a r r i e r p o t e n t i a l 
w i t h p o s i t i o n ( f o l l o w i n g the analogy with the P e i e r l ' s f o r c e ) , 
and the 2 g ^ J H x i s the Zeeman energy terra. 
The new width, xf, of the b a r r i e r i n Figure 5.8 may be 
d e r i v e d from c o n s i d e r i n g the above equation a n a l y t i c a l l y : -
I f we assume the p o t e n t i a l of the w a l l to be zero a t 
x = x, then:-r 
s i n 2 (w x ) - 2g /« sJHx | = 0 
Now, i f we adopt a hyperbola to d e s c r i b e the shape of the 
b a r r i e r p o t e n t i a l so that i t i s p o s s i b l e to solve the above 
equation a n a l y t i c a l l y , i . e . , 
AS <Ji - ( x , - f f ] - zygM*! = o 
where c i s the l a t t i c e spacing, then, s o l v i n g we obtain 
2 
f i f ! - 2MH} - - c 
Therefore, for an a p p l i e d magnetic f i e l d , H = — r r - , the 
b a r r i e r w i l l have zero width, and t h e r e f o r e the domain w a l l 
w i l l be a b l e to move unhindered except for eddy current 
A 
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Schematic r e p r e s e n t a t i o n of the change i n the b a r r i e r 
p o t e n t i a l to domain w a l l motion with applied f i e l d . 
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damping. Egami( if9) has used an audio a m p l i f i e r to obtain 
various sweep f i e l d r a t e s and has found that for sweep r a t e s 
above 10^ Oe/sec the coercive force of pure Dysprosium does 
reach a maximum value. 
Egami has shown that at low temperatures the t u n n e l l i n g 
of the domain w a l l through the p o t e n t i a l b a r r i e r w i l l i n -
crease the domain mo b i l i t y such t h a t : -
where ^ s a f u n c t i o n which approaches unity at zero c 
a pplied f i e l d and i s zero at H = H c. 
The dependence of the magnetisation r a t e upon the i n -
verse of the applied f i e l d squared may be f u r t h e r demon-
s t r a t e d using the simple model i n the l a s t s e c t i o n . The 
p r o b a b i l i t y t h a t t u n n e l l i n g w i l l take place i s proportional 
to the area of the nucleus :.-
Figure 5*10 i s a p l o t of magnetisation r a t e on l o g a r i t h -
1 
mic s c a l e a g a i n s t — . As might be expected, i f the above 
dependence holds, the isotherms f o r the lower temperatures 
are s t r a i g h t l i n e s , but become more curved as the tempera-
ture i s i n c r e a s e d , even at the higher f i e l d v a l u e s . 
(•$-)} 
c 
H dM 
cC exp dt H Th 
i . e . , I n P, aC r c c f see equation 5«4-
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The assumption that the c r i t i c a l f i e l d i n the pseudo-
bin&ry s e r i e s , DyiCOflil)^ i s due to the domain w a l l being 
narrow and having to overcome a p o t e n t i a l energy b a r r i e r 
before i t i s able to move seems to be v a l i d . 
The s u c c e s s of the theory i s demonstrated i n the ex-
p l a n a t i o n of the v a r i a t i o n of c r i t i c a l f i e l d a c r o s s the s e r i e s 
(and a l s o the (Dy _ Tb )Corii s e r i e s ) . T h i s has been shown 
i—x x 
to be caused by the change i n the r a t i o of anisotropy to 
exchange constants and hence the change i n the height of the 
b a r r i e r ( f o l l o w i n g Z i j l s t r a ' s narrow domain w a l l t h e o r y ) 
a c r o s s the s e r i e s . 
I t i s obvious from o s c i l l o g r a m s of magnetisation a g a i n s t 
magnetic f i e l d and magnetisation, r a t e a g a i n s t f i e l d that the 
w a l l i s not motionless below the c r i t i c a l f i e l d but has a 
reduced m o b i l i t y . 
From Figure the i n i t i a l m o b i l i t y of the domain 
w a l l i s seen to be independent of temperature at low temper-
a t u r e s , i . e . , near l i q u i d helium temperature. As the temp-
era t u r e i s i n c r e a s e d , though, the r o l e of thermal a c t i v a t i o n 
of the domain w a l l becomes more important, a f t e r passing 
through a t r a n s i t i o n p eriod. T h i s i s t h e r e f o r e s i m i l a r to 
the case of d i s l o c a t i o n s bound by the P e i e r l ' s p o t e n t i a l 
as suggested, where the creep at low temperatures i s temper-
ature independent and governed by t u n n e l l i n g of the d i s l o c a -
t i o n . Although the domain w a l l i s not a p a r t i c l e i n the 
normal sense, i t does resemble a p a r t i c l e due to the gyro-
magnetic property of the s p i n s and the t u n n e l l i n g of the w a l l 
through the b a r r i e r may be p r e d i c t e d . 
Of the two models considered to account for the v a r i a -
t i o n of the m o b i l i t y of the domain w a l l a t low f i e l d s , 
i . e . , l e s s than the c r i t i c a l f i e l d , T a y l o r ' s model seems to 
be a b e t t e r f i t to the r e s u l t s obtained. Figure 5*2 shows • 
that the magnetisation r a t e does appear to i n c r e a s e 
e x p o n e n t i a l l y with applied f i e l d . F u r t h e r , from Figure,5 A 
and equation 5.1 > the value of 12///* for the molecular mom-
ent f o r DyCorti i s so near to the measured value of 8/*£ that 
one must consider T a y l o r ' s model f o r thermal a c t i v a t i o n to 
be a good one. iigami's model for thermal a c t i v a t i o n does 
not compare so favourably with experiment, however. Fig u r e 
shows tha t the dependence upon the r e c i p r o c a l of the 
a p p l i e d f i e l d does not seem to apply a t high temperatures 
but does apply at the lower temperatures. T h i s dependence 
i s p r e d i c t e d by T a y l o r to account f o r the change i n magnet-
i s a t i o n r a t e when t u n n e l l i n g i s dominant, and would t h e r e -
fore be a b e t t e r r e p r e s e n t a t i o n f o r F i g u r e 5*5• Also 
Barbara et a l record the same dependence a t low temperatures. . 
However, the dependence of t u n n e l l i n g upon the i n c r e a s e of 
the a p p l i e d f i e l d squared proposed by Egami, as shown i n 
Figure 5*9» a l s o seems to be a p p l i c a b l e to the r e s u l t s taken 
at low temperatures. 
Perhaps the d e v i a t i o n s from the p r e d i c t e d r e l a t i o n s h i p s 
of Egami are due to the s m a l l f i e l d s considered at those 
p o i n t s , s i n c e e f f e c t i v e f i e l d i n the k i n k s w i l l probably be 
u i i i a i x O x ' L i j - . i i i [-iiv u . ^ j j x . L o a x i ' - i d . j . 'c ik.iug L i i i i i i n t o account, 
1 
i t i s p o s s i b l e t o draw s t r a i g h t l i n e s t h r o u g h t h e h i g h f i e l d 
p o i n t s i n F i g u r e 5 . 5 and a l s o t h i s would account f o r bhe 
d e v i a t i o n f r o m t h e common l i n e i n F i g u r e 5 . 6 a t t h e low. 
f i e l d s . . 
T h e r e f o r e , a l t h o u g h i t i s not p o s s i b l e t o say d e f i n i t e l y 
which i s t h e b e t t e r model, T a y l o r ' s model seems t o be a 
more f r u i t f u l r e p r e s e n t a t i o n o f t h e . e x p e r i m e n t a l r e s u l t s . . 
•D'UTliivr; viOA'ii 
I t would be d e s i r a b l e i f t h e work done i n t h i s t h e s i s 
was r e p e a t e d u s i n g s i n g l e c r y s t a l specimens so that p a r a -
meters such as a n i s o t r o p y can be measured and hence a d e f i -
n i t e v a l u e o f t h e energy b a r r i e r ' t o domain w a l l m o t i o n , ^ E , 
can be o b t a i n e d . With a s i n g l e c r y s t a l i t would a l s o be 
p o s s i b l e t o use a r o t a t i n g specimen magnetometer t o s t u d y 
th e time-dependent m a n g e t i s a t i o n . 
F u r t h e r work may a l s o be performed on o t h e r systems 
such iis t h e IbCCo,^!)^ s e r i e s adopted i n Chapter 'r, and 
perhaps HoCCOjiNi^Dy^Al^ and pure Dysprosium t o see i f the 
r e l a t i o n s h i p s proposed i n Chapter 5 h o l d e q u a l l y w e l l . 
A l s o measurements o f the c o e r c i v e f i e l d f o r a l a r g e r 
v a r i a t i o n o f f i e l d sweep r a t e s might be t a k e n t o i n v e s t i g a t e 
t h e i r i n t e r d e p e n d e n c e f u r t h e r , as mentioned i n Chapter 5» 
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APPENDIX A 
The f l u x i n the H p i c k - u p c o i l i n t h e presence o f a 
specimen i s a r e s u l t of ( a ) t h e magnetic moment o f t h e s p e c i -
men, and ( b ) t h e d e m a g n e t i s i n g f i e l d o f t h e specimen (assum-
i n g t h e c o n t r i b u t i o n o f t h e a p p l i e d f i e l d i s removed, as des-
c r i b e d i n s e c t i o n 3.2.3 ) • 
To measure t h e m a g n e t i s a t i o n of t h e specimen, however, 
we must show t h a t t h e s i g n a l f r o m t h e p i c k - u p c o i l i s i n d e -
pendent o f t h e shape o f t h e specimen and i s p r o p o r t i o n a l t o 
th e magnetic moment, & , o f t h e specimen. 
The c o n t r i b u t i o n t o t h e o u t p u t o f t h e M c o i l due t o t h e 
specimen depends, upon t h e r a t e of'change o f t h e l i n e s o f i n -
d u c t i o n due t o t h e specimen. The d e f i n i t i o n o f o used i s : -
§ = /10I.S 
where I i s t h e c u r r e n t i n amperes f l o w i n g i n an e l e m e n t a r y 
c i r c u i t of a r e a , O m . 
Consider a s p h e r i c a l sample, r a d i u s a, o f magnetic 
moment, & , and u n i f o r m m a g n e t i s a t i o n , M, p a r a l l e l t o t h e 
a x i s o f a c o i l o f one t u r n , r a d i u s H, p l a c e d c o n c e n t r i c a l l y 
i v i t h t h e specimen. 
The f l u x due t o t h e specimen i s g i v e n by:-
7ra 
P i B.ds A.1 
o 
The d e m a g n e t i s i n g f i e l d i n s i d e t h e s p h e r i c a l sepcimen i s g i v e n 
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Thus e q u a t i o n A.1 becomes:-
0 = §M x r f a £ 
_8 
2a 
The. c o n t r i b u t i o n of t h e volume roun d the specimen i n s i d e 
t h e c o i l i s g i v e n by:~ 
R r : 
B.ds 
To o b t a i n a v a l u e of the f i e l d o u t s i d e the s p h e r i c a l 
specimen of moment, £ , one can imagine the e n t i r e specimen t o 
be r e p l a c e d oy a- s m a l l d i p o l e o f moment, ft , s i t u a t i o n a t i t s 
c e n t r e . We may t h e r e f o r e w r i t e : -
0-
R r 
J 
. 2 T . d r 
where r i s t h e d i s t a n c e f r o m t h e c e n t r e o f the specimen i n t h e 
plane o f t h e c o i l . ' 
. ' . 0 2 =- - f 
R 
. 2 r L -1 a 
R 
r 
2R 2a 
Thus the t o t a l f l u x , 0, i s g i v e n by:-
A_2 
JL 
2R 
The t o t a l f l u x i s t h e r e f o r e independent o f t h e s i a e of t h e 
specimen. 
122 
T h i s may a l s o be shown by i n t e g r a t i n g B f r o m t h e c o i l 
t o i n f i n i t y as t h e l i n e s o f f l u x a r e c o n t i n u o u s and con-
s e r v e d , i . e . , 
T h e r e f o r e i t has been shown t h a t , d e s p i t e t h e demagnet-
i s i n g f i e l d , t h e induced s i g n a l i n t h e p i c k - u p c o i l i s a 
measure o f t h e moment. I n f a c t , i t i s due t o t h e demagnet-
i s i n g f i e l d t h a t e q u a t i o n A.2 s i m p l i f i e s . A l t h o u g h i t has 
o n l y been shown here t h a t t h i s i s t h e case f o r s p h e r i c a l 
samples, i t i s a l s o p o s s i b l e t o show, by t h e c a l i b r a t i o n 
e x p e riment o u t l i n e d i n s e c t i o n 3.2.5, t h a t t h e same a p p l i e s 
t o n o n - s p h e r i c a l samples* 
2-H 
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APPENDIX B 
I t can be sho'.vn(50) t h a t t h e change o f m a g n e t i s a t i o n 
w h i c h r e s u l t s from an a d i a b a t i c change i n a p p l i e d magnetic 
f i e l d produces a r e v e r s i b l e t e m p e r a t u r e change g i v e n by:-
1 • f (M\ •A a •• s-1' 
Since 0 t h e r e w i l l be an i n c r e a s e i n t e m p e r a t u r e 
of t h e specimen, AT, f o r an i n c r e a s e i n magnetic f i e l d , A H , 
C i s t h e Debye s p e c i f i c h e a t ; t h e r e f o r e : -
4 3 
C = 12 \ k / — ) erg/°K/mol 
where k i s Boltzmann's c o n s t a n t and . . . . . . . . 
D i s t h e i^ebye temper-
a t u r e . 
2 3 
C ^ 12 x - r — x 1.6 x 10 . x t^Trx) e r g / K/mol 
~ 3 .0 x 1 0 " 2 0 erg/°K/nol 
Using M - H § I 1 - ( ~ ) | 
where i l i s the s a t u r a t i o n m a g n e t i s a t i o n , and T t h e o r d e r i n g ; s c 
t e m p e r a t u r e , • 
T h e r e f o r e , f o r an a p p l i e d f i e l d o f 100 KOe, s u b s t i t -
u t i n g i n t o e q u a t i o n £.1 , 
^ -23 5 AT ~ rrr X 12 X 10 " X. 1(T 
3.0 x 10 
16°K 
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APPENDIX C 
THiu. Fuifri OF THi^ huGHaTIC FlaLD 
To d e r i v e an e q u a t i o n t o d e s c r i b e the magnetic f i e l d i n 
a p u l s e d f i e l d magnetometer, the d i f f e r e n t i a l e q u a t i o n f o r 
t h e LCH c i r c u i t must be s o l v e d t o g i v e an e x p r e s s i o n f o r t h e 
c u r r e n t f l o w i n g i n the c i r c u i t . 
The d i f f e r e n t i a l e q u a t i o n i s : -
T d 2 i D d i i . 
^ + R d t + C, = 0 a t 
W i t h boundary c o n d i t i o n s o f i b e i n g z e r o and C b e i n g charged 
t o a v o l t a g e , V, when t = 0 ( t h e i n s t a n t t h a t the p u l s e 
s t a r t s ) t h e s o l u t i o n of i i s : -
_ A t V 2L • s i n wt i - =- e L w 
where w = J _ E
2 
V 
f o r t = 0: i = i = — 
o Lw 
-tTv- . _ „ x = x e s i n wt C.I o 
where A = — . 
dXl: 
From e q u a t i o n C.I we a r e a b l e t o w r i t e an e x p r e s s i o n f o r 
t h e i d e a l f o r m o f t h e f i e l d ;.-
H ( z , t ) = H ( z ) e ~ A t s i n wt C.2 
where K q ( Z ) i s t h e v a l u e o f H(z, , t ) a t t =- 0 a t z a l o n g t h e 
z a x i s o f t h e s o l o n o i d . 
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F i e l d Induced T r a n s i t i o n s i n Rare Earth 
I n t e r m e t a l l i c Compounds 
by 
K.N.R. Tayl o r , J. Hunter and C.A. Poldy 
Physics Department, 
U n i v e r s i t y of Durham, 
England. 
I n t r o d u c t i o n 
I n the pure rare e a r t h metals the competition of the exchange i n t e r 
a c t i o n and the high magnetocrystalline anisotropy i s known t o lead t o a 
v a r i e t y of complex magnetic s t r u c t u r e s i n the ordered phase. A s i m i l a r 
s i t u a t i o n i s now being shown t o e x i s t i n many of the i n t e r m e t a l l i c 
compounds, p a r t i c u l a r l y those r i c h i n the rare e a r t h elements. 
The s t r e n g t h of the exchange i n t e r a c t i o n between the r a r e e a r t h 
ions i s never l a r g e , t r a n s i t i o n temperatures almost i n v a r i a b l y being 
w e l l below room temperature, and u s u a l l y less than 100K. Consequently 
i t i s f r e q u e n t l y possible to induce antiferromagnetic-ferromagnetic 
t r a n s i t i o n s i n those m a t e r i a l s w i t h a n t i p a r a l l e l s p i n o r d e r i n g . 
A second type of c r i t i c a l f i e l d behaviour has been observed i n 
many of the f e r r o m a g n e t i c a l l y ordered m a t e r i a l s . This a r i s e s , however, 
as a r e s u l t of the large energies required t o move a domain w a l l i n a 
m a t e r i a l f o r which the exchange i n t e r a c t i o n s t r e n g t h i s small and the 
magnetocrystalline anisotropy i s l a r g e . Tramine11 (1962) was the f i r s t 
t o p o i n t out t h a t domain w a l l s would be very narrow under these circum-
stances and t h a t the normal continuum treatment of domain w a l l motion 
would be i n v a l i d . Egami (1971), Z i j l s t r a (1970) and Barbara et a l . 
(1971) i n v e s t i g a t e d the s i t u a t i o n f u r t h e r and showed t h a t a f i n i t e 
e x c i t a t i o n energy would be re q u i r e d f o r the w a l l motion and t h a t t h i s 
would show i t s e l f i n the form of a large ' i n t r i n s i c ' c o e r c i v i t y i n 
t h i s type of m a t e r i a l . F u r t h e r , Taylor e t a l . (1972), showed t h a t i n 
c e r t a i n m a t e r i a l s the magnetization process associated w i t h these w a l l s 
can occur r e l a t i v e l y slowly and give an " i n t r i n s i c magnetic a f t e r e f f e c t 
We have r e c e n t l y c a r r i e d out a ser i e s of measurements on various 
i n t e r m e t a l l i c phases f o r which these types of magnetic behaviour are 
l i k e l y to occur as a r e s u l t of the r e l a t i v e l y low or d e r i n g temperatures 
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and high a n i s o t r o p i c s . Some of these m a t e r i a l s are antiferromagnetic and 
others ferromagnetic, but i n both cases the observed behaviour a r i s e s as 
a r e s u l t of comparable exchange and c r y s t a l f i e l d i n t e r a c t i o n energies. 
Experimental 
The specimens were a l l prepared by me l t i n g together s t o i c h i o m e t r i c 
q u a n t i t i e s of the purest metals a v a i l a b l e . This was done i n an argon arc 
furnace and a f t e r a se r i e s of homogenizing melts was followed by a lengthy 
anneal. 
The magnetic p r o p e r t i e s were measured at -4-2K using a pulsed f i e l d 
magnetometer and the o r d e r i n g temperatures determined from the same 
measurements or from the use of a p e r m e a b i l i t y bridge. 
The specimens, studied were the series A^B (where A = a r a r e e a r t h and 
B = co b a l t or n i c k e l ) , Gd^(Co,Ni), (Tb.Y^Co, D y n C o m a n d various pseudo-
b i n a r i e s based on the DyCoNi composition. 
The magnetization curves are shown f o r the A^B s e r i e s , the Gd^(Co,Ni) 
compositions and the Dy^Co^ compounds i n Figs. 1-3, and t h e i r form w i l l 
be discussed i n the f o l l o w i n g . 
Discussion 
The form of the magnetization curves of the A^Co and A^Ni compounds 
shown i n F i g . 1 c l e a r l y represent a wide v a r i e t y of d i f f e r e n t magnetic 
behaviours. The neodymium, terbium, dysprosium and po s s i b l y the holmium 
compounds have open h y s t e r e s i s loops and i t i s tempting, i n the f i r s t 
instance to assume t h a t these are ferromagnetic m a t e r i a l s . Both Gd^Co 
and Gd^Ni however e x h i b i t a c l e a r l y defined c r i t i c a l f i e l d and i t appears 
t h a t these are both a n t i f e r r o m a g n e t i c . 
- 3 -
In order t o i n v e s t i g a t e the two types of behaviour more f u l l y we 
examined the p r o p e r t i e s of two series of pseudobinary compounds from 
t h i s s e r i e s , namely the Gd^(Co,Ni) and (Tb,Y).jCo compositions, 
(a) Gd 3(Co,Ni) 
The magnetization r e s u l t s f o r these m a t e r i a l s , as w e l l as f o r up t o 
10% s u b s t i t u t i o n of i r o n i n t o Gd^Co, are shown i n F i g . 2. As may be 
seen, the form of the magnetization curve changes p r o g r e s s i v e l y from the 
l i m i t i n g composition Gd.j(Fe jCo ^) to Gd.jNi. The c r i t i c a l f i e l d progress-
i v e l y increases as the average 3d-electron concentration increases and 
f u r t h e r the sharpness of the f i e l d induced t r a n s i t i o n i s higher near t o 
the c o b a l t compound. 
The behaviour o f Gd-jCo has been associated w i t h a metamagnetic s p i n -
f l i p t r a n s i t i o n i n an antiferromagnetic m a t e r i a l f o r which the exchange 
i n t e r a c t i o n between the two s u b l a t t i c e s i s appreciably smaller than the 
i n t e r a c t i o n w i t h i n a s i n g l e s u b l a t t i c e . For such a system the c r i t i c a l 
f i e l d s t r e n g t h i s given by 
c 6 ^ t . - 2M 
where M i s the s u b l a t t i c e magnetization, 'X^  the i n i t i a l s u s c e p t i b i l i t y 
and a i s an anisotropy term i n v o l v i n g the magnetocrystalline and d i p o l a r 
a n i s o t r o p i c s . The + signs r e l a t e t o the d i r e c t i o n of easy magnetization 
r e l a t i v e t o the a x i a l l a t t i c e parameter. F i g . 3(a) shows the v a r i a t i o n 
of H £ w i t h ^/%. f o r a l l the compounds studied and i t i s clear from t h i s 
t h a t i n the co b a l t r e g i o n a spin f l i p process i s adequate to describe 
the observed r e s u l t s . With i n c r e a s i n g n i c k e l c o n c e n t r a t i o n , however, 
the observations deviate markedly from the l i n e a r r e l a t i o n and we must 
look f o r some other mechanism to account f o r the observations. 
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lt we use the g r a d i e n t of F i g . 3 ( a ) to o b t a i n the s u b l a t t i c e magnet-
i z a t i o n we o b t a i n a value of 5.8p per i o n which i s somewhat l e s s than 
the t h e o r e t i c a l gJ = 7y value f o r a f u l l y a l i g n e d s u b l a t t i c e . T h i s 
D 
nM 
value i n turn may be employed i n the e x p r e s s i o n H c = - y to o b t a i n n the 
i n t e r s u b l a t t i c e exchange co n s t a n t . From the form of the r e s u l t s n 
c l e a r l y i n c r e a s e s w i t h i n c r e a s i n g 3d e l e c t r o n c o n c e n t r a t i o n and i t seems 
l i k e l y that the departure from l i n e a r i t y i n F i g . 3 ( a ) occurs when the 
r a t i o of the i n t r a to i n t e r - s u b l a t t i c e exchange constants ( n /n) has 
become too s m a l l f o r the s p i n f l i p p r o c e s s . 
Under these c o n d i t i o n s , the s p i n behaviour can be expected to show 
a change to s p i n - f l o p t r a n s i t i o n s f o r which 
H 2 _ 2b J _ ; ab - b ^ 
C ' 3 * t M2 M 2 
where b i s again a term i n the a n i s o t r o p y c o n s t a n t s . 
As F i g . 3(b) shows, t h i s r e l a t i o n i s reasonably w e l l obeyed between 
Gd,(Co , c N i __) and Gd 0(Co _Ni Q ) and we assume that the f i e l d induced, 
t r a n s i t i o n i n t h i s r e g i o n i s indeed a s p i n - f l o p p r o c e s s . As n continues 
to i n c r e a s e f u r t h e r to the Gd^Ni composition the ( n /n) r a t i o has become 
s u f f i c i e n t l y s m a l l t h a t the Neel treatment i s u n s a t i s f a c t o r y and agree-
ment w i t h the elementary theory i s perhaps not to be expected i n t h i s 
r e g i o n , 
(b) (Tb,Y) 3Co 
With i n c r e a s i n g y t t r i u m composition these m a t e r i a l s show a 
r e l a t i v e l y slow decrease of the c r i t i c a l f i e l d ( i n t r i n s i c c o e r c i v i t y ? ) 
to approximately 80% y t t r i u m , beyond which i t f a l l s q u i t e r a p i d l y 
( F i g . 4 ) . I n c o n t r a s t the magnetization and o r d e r i n g temperature f a l l 
l i n e a r l y a c r o s s the s e r i e s . 
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I f we take t h i s m a t e r i a l to be ferromagnetic a t a l l concentrations 
and assume t h a t the c r i t i c a l f i e l d i s due t o the presence of narrow 
domain w a l l s then we can a n t i c i p a t e t h a t the value of the c r i t i c a l f i e l d 
w i l l be given by 
H = _ n _ AE 
c aM 
s 
where M i s the s a t u r a t i o n magnetization per u n i t volume, a i s the aver-s 
age spacing between magnetic ions and AE describes the energy b a r r i e r 
i n h i b i t i n g domain w a l l motion. 
Assuming t h a t /W i s large then AE/K w i l l be approximately constant 
(Van den Broek and Z i j l s t r a 1971) and we can w r i t e the c r i t i c a l f i e l d as 
a f u n c t i o n of terbium concentration (c) as f o l l o w s : -
„ . _ ( TT ) (AE) _ V 3 
H c " ( S Q (TT) ~ c o n s t ' c 
This v a r i a t i o n i s shown i n F i g . 4, normalized t o the value at 
Tb^Co and i t i s evident t h a t there i s a s a t i s f a c t o r y agreement between 
the experimental and t h e o r e t i c a l curves. Consequently i t would appear 
t h a t t h i s m a t e r i a l i s indeed ferromagnetic but i t s magnetic p r o p e r t i e s 
are a f f e c t e d by the presence of narrow domain w a l l s . 
(c) Dy Co n m 
I t i s d i f f i c u l t t o t e l l from F i g . 1 the precise nature of the 
magnetic behaviour of Dy^Co, although the form of the hy s t e r e s i s loop 
i s reminiscent of a ferromagnetic m a t e r i a l e x h i b i t i n g a magnetic 
a f t e r e f f e c t . This comparison i s more marked i f the Dy^Co curve i s 
compared w i t h those f o r the Dy^Co^ and DyCo2 specimens shown i n F i g . 5, , 
since i t i s known t h a t the l a t t e r specimen does e x h i b i t time depend-
ence at 4.2K. C l e a r l y a t DyCo.j any e f f e c t of t h i s type has disappeared, 
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due presumably to the increased exchange i n t e r a c t i o n W i n t h i s compound. 
I f the c r i t i c a l f i e l d values i n these m a t e r i a l s are also r e l a t e d 
to the presence of narrow domain w a l l s then we can a n t i c i p a t e t h a t any 
change i n the r a t i o K/W w i l l a f f e c t the c r i t i c a l f i e l d s trengths. 
As shown i n F i g . 6, the or d e r i n g temperatures increase continuously 
w i t h i n c r e a s i n g cobalt c o n c e n t r a t i o n and assuming t h a t to a f i r s t order 
the anisotropy energy i s constant i n the s e r i e s then the r e s u l t i n g 
decrease i n K/W i s co n s i s t e n t w i t h the change i n the c r i t i c a l f i e l d s . 
I n t e r e s t i n g l y , i f we pursue t h i s argument f u r t h e r and assume t h a t the 
anisotropy i n Dy i s also at t h i s constant value than the o r d e r i n g 
temperature of Dy metal compared t o t h a t of the compounds should allow 
us to p r e d i c t a value of H c i s dysprosium metal. As shown i n F i g . 6 
there i s a close s i m i l a r i t y between pr e d i c t e d and observed values, 
(d) DyCo^ Based Compounds 
We have already shown elsewhere t h a t the r a t e of change of the 
magnetization i n Dy (Co.Ni)^ pseudobinaries depends on the applied 
magnetic f i e l d s t r e n g t h (Taylor et a l . 1972)^and Barbara et a l . have 
established a r e l a t i o n of the form 
d>4 -Ho / u - j p * exp /H 
to describe t h i s v a r i a t i o n . 
This e f f e c t appears to be r e l a t e d t o the e x c i t a t i o n energy required 
f o r the motion of narrow domain w a l l s and we have named t h i s type of 
magnetization process the " I n t r i n s i c Magnetic A f t e r e f f e c t . " 
I n the Dy ( C o . N i ^ s e r i e s the equiatomic composition DyCoNi has one 
of the biggest c r i t i c a l f i e l d values and the observations showed a 
decrease i n H c f o r compositions t o e i t h e r side of t h i s . This was i n t e r -
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preted i n terms of the changes i n exchange and anisotropy i n crossing 
the s e r i e s . I f pseudobinaries of the form (Tb,Dy)CoNi and (Dy,Ho)CoNi 
are prepared then e s s e n t i a l l y the same i s t r u e . The i n t r o d u c t i o n of 
Tb i n t o the system increases the exchange but probably leaves K 
r e l a t i v e l y constant, w h i l e s u b s t i t u t i o n of holmium decreases both K 
and W. I n both cases the c r i t i c a l f i e l d i s found t o decrease on moving 
K 
away from the dysprosium compound, and again the changes i n the /W r a t i o 
are thought t o be responsible. 
Figure Captions 
F i g . 1 The magnetization curves at 4.2K f o r the A^B compound s e r i e s . 
F i g . 2 The composition dependence of the magnetization curve i n the 
Gd^(Co,Ni) series showing the change i n the c r i t i c a l f i e l d 
value. Results are also shown f o r up t o 10% i r o n s u b s t i t u t -
i o n . 
F i g . 3 (a) The v a r i a t i o n of the c r i t i c a l f i e l d value w i t h the 
r e c i p r o c a l i n i t i a l s u s c e p t i b i l i t y showing the spin 
f l i p t r a n s i t i o n r egion near to Gd^Co. 
(b) The spin f l o p t r a n s i t i o n region i l l u s t r a t e d by the 
0 1 l i n e a r r e l a t i o n between H and /(X, . i n the intermediate c 1 
composition range. 
F i g . 4 Comparison of the observed c r i t i c a l f i e l d values w i t h a 
t h e o r e t i c a l curve derived f o r the magnetization process i n 
a specimen c o n t a i n i n g narrow domain w a l l s . 
F i g . 5 The magnetization curves f o r the Dy^Co^ compounds. 
Fi g . 6 The v a r i a t i o n of the c r i t i c a l f i e l d , o r d e r i n g temperature 
and magnetic moment f o r the compounds represented by Dy^Co^. 
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